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Abstract 
Quorum sensing (QS) is a density-dependent gene regulation signalling mechanism 
utilized by bacteria to enable the simultaneous expression of bacterial phenotypes in a 
given population. Several QS mechanisms and different classes of signalling 
molecules, including acyl-homoserine lactones (Al-ILs), have now been identified in 
numerous bacterial species. Al-IL production by clinical and laboratory isolates of 
Escherichia coli and Campylobacter jejuni has been investigated in this study. 
Laboratory, blood and urine E. coli isolates were analysed via three reporter strain 
bioassays for putative Al-IL production. The initial results indicated that the E. coli 
blood isolates produced a compound(s) capable of activating one of the bioassays. 
Subsequent analysis by thin layer chromatography and mass spectroscopy suggested 
that this active compound may have been a cyclic dipeptide, although the apparent 
inability to isolate subsequent samples of this active compound has prevented 
confirmation of this finding. All of the C. jejuni isolates tested induced activity in the 
Agrobacterium liquid culture bioassay, in a growth-dependant manner, indicating the 
possible presence of an exogenous Al-IL. Comparative analysis of the genome 
sequenced C. jejuni strain, NCTC 11 168-GS and its clinical counterpart, C. jejuni 
NCTC 11168-0, has indicated that these variants respond differently to changes in the 
levels of dissolved oxygen and toxic oxygen derivatives and as a consequence 
produce different levels of the active compound. FIPLC separation and HPLC-mass 
spectroscopy has indicated that this active compound may be N-hexadecanoyl-
homoserine lactone, providing preliminary evidence of a previously unidentified 
AHL-mediated QS mechanism within the Epsilon Prozeobacteria class. 
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CHAPTER I 
General 
Introduction 
General Introduction 	 Sarah J Carmichael 
1.1 Quorum sensing 
Quorum sensing (QS) is a cell density-dependent signalling mechanism that enables 
bacterial cells to regulate the expression of specific genes in response to changes in 
the local cell population density. This mechanism allows the bacteria to perceive and 
respond to the presence of neighbouring microbial populations, therefore enabling the 
bacteria within a confined environment to act in a multi-cellular fashion, expressing 
the same genes simultaneously (Miller and Bassler, 2001). 
This phenomenon was first observed by scientists studying the control mechanism for 
the production of bioluminescence (lux gene expression), in the marine bacterium, 
Vibrio flscheri (Nealson cx al., 1970). This primary example has become the general 
model for explaining the QS mechanism, which relies upon the synthesis, 
accumulation and subsequent sensing of small, low molecular weight, diffusible 
signalling molecules (sometimes called pheromones but more frequently autoinducers 
[Al]). These self-generated AIs play a crucial role in QS in that they are produced at a 
basal level and diffuse freely between the cellular and external environment, 
accumulating in the environment local to the cell (Winzer et al., 2003). The Al 
concentration increases, as a function of cell number, until a minimum threshold level 
indicative of a critical population size - the quorum, is attained (Fuqua et al., 1994). 
Then the Al binds to the inactive transcriptional activator initiating a signal 
transduction cascade, which leads to the positive regulation of an Al synthase 
resulting in the synthesis of additional Al (hence the term autoinducer) and expression 
of the regulated phenotype. 
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1.1.1 Signalling molecules 
The term 'cell-to-cell signal molecule' which is synonymous with Al, was re-defined 
by Winzer a al. (2002a) via four key criteria: 
The production of the signalling molecule occurs during specific growth stages, 
under certain conditions or in response to environmental change. 
o The signalling molecule accumulates extracellularly and is recognised by a 
specific receptor. 
. Accumulation of the signalling molecule generates a concerted response, once a 
critical threshold concentration has been reached. 
The cellular response to signalling molecule accumulation extends beyond 
physiological changes required to metabolise or detoxify the signalling molecule 
(Winzer a al., 2002a). 
This final criterion defines cell-to-cell signalling as a phenomenon that is greater than 
the presence and degradation of toxic or nutritional molecules which may indirectly 
influence the expression of genes of other metabolic pathways and for this reason the 
first three criteria on their own are insufficient to define an Al (Winzer a al., 2002a). 
Several distinct classes of QS AIs, including but not limited to acyl homoserine 
lactones (AHL), furanones (AL-2), cyclic peptides, 4-quinolones, and oligopeptides, 
have now been identified (Visick and Fuqua, 2005; Williams, 2006). The isolation 
and characterisation of these molecules which are utilised by numerous bacterial 
species has furthered the understanding of QS and has led many researchers to the 
belief that this phenomenon is ubiquitous rather than limited to a few specific 
bacterial species. 
General Introduction 	 Sarah J Carmichael 
1.1.2 Autoinducer-1 mediated QS 
The first observed signalling molecule, (autoinducer-1), was N-(3-oxo-hexanoyl)-L-
homoserine lactone, which is utilised by the symbiotic marine bacterium V. flscheri in 
bioluminescence control. Therefore, initial QS research has focused on the 
identification of bacteria that can produce and respond to AHLs (Figure 1.1.1) and the 
genes that these Al-IL-mediated QS mechanisms regulate (Watson et al., 2002). 
Importantly Al-ILs from different bacterial species all share a common homoserine 
lactone ring but differ in the degree of saturation of the acyl chain (presence or 
absence of a double bond), the nature of the groups attached to carbon 3 of the acyl 
side chain (no substituent, keto or hydroxyl) and the length of their acyl side chain 
moieties (generally from four to 16 carbon atoms long, usually increasing in 
increments of two carbon units, C4, C6, C8 etc.) (Fuqua and Greenberg, 2002; 
Watson et al., 2002; Anand and Griffiths, 2003). 
91 
'% r 
1 
2 
I, 
Figure 1.1.1: Generalised AHL structure 
The R1 group can be —OH, =0, or —H. The R2 group is an acyl chain varying in the 
number of carbons, and the chain may be saturated or unsaturated. 
4 
General Introduction 	 Sarah J Carmichael 
1.1.2.1 AHL biosynthesis 
Al-ifis are derived from two synthetic pathways. The homoserine lactone moiety is 
derived from -denosylethionine (SAM), an essential metabolite that is used as a 
methyl donor for DNA, RNA, and proteins. The acyl chain, to which the homoserine 
moiety is linked, is usually donated by an acylated acyl carrier protein and synthesised 
via the common fatty acid biosynthesis pathway but may also be provided by the fatty 
acid degradation pathway in the form of acyl-coenzymeA (Figure 1.1.2) (More et al., 
1996; Schaefer et al., 1996a; Schaefer a al., 1996b; Fuqua and Eberhard, 1999). All 
AHL-mediated QS systems appear to comprise of two major components: an AHL 
synthase enzyme that catalyses the formation of AFILs and the cytoplasmic receptor 
protein that binds the AHL signal molecule and functions as a DNA binding 
transcriptional activator. 
5 
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Figure 1.1.2: Generalised AHL biosynthesis from S-adenosylmethionine and 
acyl-acyl carrier proteins by a LuxI-like enzyme 
The R 1 group can be —OH, =0, or —H. The R2 group is an acyl chain varying in the 
number of carbons, and the chain may be saturated or unsaturated. ACP, acyl carrier 
protein; AFIL, acyl homoserine lactone. (1) The LuxI like enzyme promotes the 
formation of an amide bond between the S-adenosylmethionine (SAM) and the acyl 
side chain from acyl-acyl carrier protein (acyl-ACP) provided by the fatty acid 
synthesis pathway. (2) This intermediate subsequently undergoes lactonization, 
releasing methylthioadenosine as a side product and (3) an acyl homoserine lactone. 
Figure adapted from Miller and Bassler, (2001). 
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Them are several important proteins and enzymes involved in AFIL biosynthesis and 
at least three different classes of AFIL synthase, the most common of which is the 
LuxI-type transcriptional factor, although others include the LuxM-type and HdtS-
type synthases (Visick and Fuqua, 2005). These LuxI-type enzymes catalyse the 
production of AFIL by coupling the acyl-side chain of a specific ACP from fatty acid 
biosynthesis to the homocysteine moiety of S-adenosylmethionine. The ligated 
intermediate lactonizes to form AHL and methylthioadenosine is released (Schauder 
et al., 2001; Federle and SassIer, 2003). LuxI-type proteins exhibit a preference for 
acyl chains of a certain length and oxidation state, only recognising the acyl carrier 
protein containing a specific acyl chain moiety ensuring that each LuxI-type protein 
generates only the correct AFIL signal molecule (Taga and SassIer, 2003; Visick and 
Fuqua, 2005). 
1.1.2.2 AHL receptor proteins 
The AHL receptor proteins (mainly LuxR homologues) are required for the activation 
of QS-dependent production of AHLs. These cytoplasmic receptor proteins are 
dimeric, with each monomer consisting of two functional domains: the amino-
terminal domain, which binds AFIL in an enclosed cavity and a carboxy-terminal 
domain, which binds DNA via a helix-turn-helix motif (Vannini et al., 2002). When 
bound to the receptor, specific interactions are made between the conserved lactone 
ring of the AHL ligand and the binding pocket, with the pocket's shape mediating 
specificity, enabling each LuxR-type receptor protein to bind and be activated only by 
its cognate signal (Vannini et al., 2002; Zhang etal., 2002a; Daniels etal., 2004). 
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1.1.2.3 AHL screening 
The most widely used method of screening for AFIL production is via bioassays that 
are dependent upon the induction of a phenotypic response, such as 13-galactosidase 
activity or violacin production, within a bacterial reporter strain. Such strains usually 
contain an Al-IL-activated promoter fused to a reporter gene(s) such as lacZ, together 
with a receptor protein (LuxR homologue) but lack the AFIL synthases so that the 
reporter strain is incapable of AFIL production. Therefore activation of the reporter 
fusion requires the presence of exogenous Al-IL. 
However, each receptor protein is relatively ligand specific, limiting most bioassay 
sensors to a narrow range of AFIL detection and several bacterial strains have now 
been shown to produce more than one AFIL (Ravn a al., 2001). Consequently, the 
simultaneous use of several different bioassay strains having different AHL 
specificities, although labour intensive, is usually advisable when screening for Al-IL 
production. 
flietogiperazines (DKPs) are small diffusible cyclic peptides produced by 
Pseudomonas aeruginosa, and other Gram-negative bacteria (Holden a al., 1999; 
Degrassi a al., 2002). They can also be generated via the non-enzymatic cyclisation 
of linear dipeptides at extremes of temperature and pH (Skwierczynski and Connors, 
1993). Although structurally distinct from AFILs, at high concentrations DKPs can 
cross-activate several different LuxR homologue-based bioassays, previously 
considered to be specifically for AHLs (Holden a al., 1999). Therefore activation of a 
LuxR homologue-based bioassay alone cannot be relied upon for identification of 
AFIL production, so further analytical and structural analysis is required. The role of 
these cyclic dipeptides and whether they act as signalling molecules or have other 
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biological functions, have yet to be established, (Holden el cii., 1999; Degrassi et al., 
2002). 
AFIL-mediated QS mechanisms have now been identified in over 50 different Gram-
negative bacterial species leading to speculation that this phenomenon is widespread. 
However, known examples of AFIL-mediated QS mechanisms have to date only been 
identified in three out of the five classes (a, 13 and y classes) of Proteobacteria 
(Manefield and Turner, 2002; Manefield a al., 2004). Several different QS signalling 
mechanisms, utilising a wide range of Al signalling molecules have been identified in 
numerous bacterial species and new AHL-mediated QS mechanisms are being 
discovered with some regularity (Manefield a al., 2004). However, to date, no AHL-
mediated QS system has been identified in any Gram-positive bacterial species. 
1.1.3 Autoinducer-2 (AI-2) mediated QS 
LuxS, the synthase required for AI-2 production is highly conserved in both Gram-
positive and Gram-negative bacteria, including E. coli, Helicobacter pylori and 
Bacillus spp. (Surrette et al., 1999; Jones and Blaser, 2003), prompting speculation 
that AI-2-mediated QS is a universal signalling mechanism for communication 
amongst and between species. However, there is as yet little evidence to support this 
theory which remains purely speculative. 
Chen a al. (2002), identified the structure of Vibrio harveyi AI-2 when associated 
with its receptor protein, LuxP. They concluded that this bound ligand was a 
furanosyl borate diester, and that it bore no resemblance to any previously 
characterised autoinducers. Further studies of different bacterial species are yet to 
reveal whether AI-2 represents a family of related molecules or is, in contrast to AHL, 
a single chemical entity that is identical for differing species. These studies may also 
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establish whether boron, which is widely available in the biosphere and has long been 
known to be an essential element in many organisms, is requimd in every case of AI-2 
dependent signalling (Coulthurst et al., 2002; Federle and Bassler, 2003). 
1.1.3.1 AI-2 biosynthesis 
Like AHL, the signalling molecule AI-2 is derived from SAM. In V. harveyi this 
occurs in three enzymatic steps during which the enzyme, LuxS, catalyses the 
conversion of S-ribosylhomocysteine to homocysteine and 4,5-dihydroxy-2,3-
pentanedione, which is believed to spontaneously cyclize into a furanone ring. Borate 
is then added to this furanone product, forming the AI-2 signalling molecule, 
furanosyl borate diester (Elvers and Park, 2002; Schauder and Bassler, 2001; 
Schauder etal., 2001). 
1.13.2 AI-2 receptor proteins 
In V. harveyi AI-2 detection requires two proteins: LuxP and LuxQ. LuxP, a soluble 
periplasmic protein is the primary receptor that binds AI-2. The LuxP-AI-2 complex 
then interacts with the second detection protein LuxQ, a membrane-bound sensor 
histidine kinase to transduce the autoinducer signal (Bassler et al., 1994; Chen et al., 
2002). This interaction initiates a switch in the sensors from "kinase mode" to 
"phosphatase mode" leading to the derepression and transcription of the lu.xCDABE 
operon which encodes the enzymes necessary for light production (Martin et al., 
1989; Showalter etal., 1990; Swartzman etal., 1992). 
10 
General Introduction 	 Sarah J Carmichael 
1.1.3.3 The role of LuxS and AI-2 activity 
Although the role of LuxS in quorum sensing in V. flscheri has been clearly 
established, the primary role of LuxS in different bacteria remains ambiguous. LuxS 
plays an important role in bacterial metabolism, contributing to the recycling of SAM 
which would otherwise have toxic effects on the cell. Therefore many researchers 
question whether LuxS/AI-2 really constitutes a signalling system in all the organisms 
in which it is found. In support of this Winzer a al. (2002b) found that P. aeruginosa 
was capable of stopping AI-2 activity and suggested that AI-2 in many bacteria acted 
as a nutrient, a metabolite which was released early and then metabolised in the later 
stages of growth. The assumption that the presence of a LuxS homologue and AI-2 
activity automatically equates to a LuxS-dependent QS mechanism is counterfactual, 
especially considering that although many bacterial genera harbour the luxS gene and 
appear to produce AI-2, Lux P homologues have so far only been found in Vibrio spp. 
(Schauder a al., 2001; Walters and Sperandio, 2006). 
Many diverse roles have previously been attributed to AI-2 activity in bacteria by 
comparing luxS mutants with wild-type strains, and complementing these mutants 
with spent supernatants. However, mutation of the luiS gene will also interrupt the 
activated methyl pathway, in which luiS functions as an enzyme. This disruption will 
result in differential gene expression, the accumulation of S-ribosyl-homocysteine 
within the cell and in changes in amino acid synthetic and catabolic pathways 
(Walters and Sperandio, 2006). These changes in bacterial metabolism may, in many 
bacteria, actually be responsible for the diverse roles previously attributed to AI-2 
activity through luxS mutant comparison. Therefore the only genes so far shown to be 
regulated by AI-2 in species other than Vibrio spp., encode for an ABC transporter, 
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which is responsible for AI-2 uptake, in Salmonella syphimurium (Taga et al., 2001; 
Hardie et al., 2003). 
1.1.4 Putative autoinducer-3 mediated QS 
Although originally attributed to AI-2 activity, induction of the locus of Qnterocyte 
ffacement (LEE) - encoded type III secretion system and flagellum expression in 
Qnterohaemorrhagic Escherichia coIl (EFLEC) have subsequently been linked to a 
third, previously undescribed autoinducer (AI-3), whose synthesis may also be 
dependent upon LuxS (Sperandio a al., 2003). Further structural analysis of AI-3 has 
indicated that this Al is an aromatic compound, and unlike AI-2 does not contain a 
sugar skeleton (Walters and Sperandio, 2006). Additionally Sperandio a al. (2003) 
postulated that EFIEC, which has a very low infective dose, uses this novel Alto 
determine when it is within the intestine and it regulates its virulence genes 
accordingly, activating those essential for intestinal colonisation and initiating the 
disease process. 
1.1.5 QS network architecture 
Multiple QS-mechanisms, responding to a wide range of AIs have now been 
identified in many bacteria. In V. harveyi three separate QS systems consisting of 
three AIs (an AFIL, a furanosyl borate diester and a third, as yet, unidentified 
molecule) and three cognate receptors functioning in parallel, have been reported 
(Cao and Meighen, 1989). P. aeruginosa produces several AIs, the QS regulatory 
systems for which are arranged in series, resulting in a temporally ordered sequence 
of gene expression that many believe is critical for the ordering of infection related 
events (Whiteley a al., 1999; Schuster a al., 2003). Competitive QS circuits enable 
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bacteria to commit to one of two mutually exclusive events, as in B. subtilis which has 
two autoinducing peptides that allow it to adopt a specific lifestyle, either taking up 
exogenous DNA or sporulating (Waters and Bassler, 2005). 
1.1.6 Gene regulation/phenotypes 
QS is thought to regulate a wide variety of phenotypes including bioluminescence, 
virulence factors, antibiotic production, biofllm formation and conjugation 
(Greenberg, 1999). 
1.1.6.1 Bioluminescence 
In V. harveyi and V. fischeri luminescence via the synthesis of luciferase, the light-
emitting enzyme, are strongly regulated by QS (Cao and Meighen, 1989). V. flscheri 
colonises the light organs of certain marine fish and cephalopods, such as Euprymna 
scolopes, a small, nocturnal surface feeding squid, which is endemic to the Hawaiian 
Islands (DeLoney et al., 2002). When freely suspended in seawater the bacterial cell 
density is low, but once bacteria are concentrated within the light organ, a quorum is 
reached and luminescence is expressed (Whitehead et al., 2001; DeLoney et al., 
2002). The cephalopods counter-illuminate themselves by emitting light downwards, 
matching the intensity of the moon- and starlight above to prevent a shadow from 
being cast which would alert predators to their presence (Fuqua and Greenberg, 
2002). Current theory suggests that this is a symbiotic relationship in which the 
bacterium gains nutrients from the cephalopod, which is in return camouflaged by the 
bioluminescence. 
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1.1.6.2 Virulence factors 
The common soil dwelling organism P. aeruginosa is also an opportunistic human 
pathogen that infects immunocompromised individuals and is most notorious for its 
devastating effects on cystic fibrosis (CF) patients (Eberl and TUmmler, 2004). A 
major contributor to the pathogenesis of P. aeruginosa is its ability to secrete 
numerous virulence compounds and degradative enzymes, including exoprotease, 
siderophore, exotoxin and lipase production (for reviews see Pesci and Iglewski, 
1997; Fuqua and Greenberg, 1998; van Delden and Iglewski, 1998). The production 
of many of these virulence factors are controlled by QS, as are adhesion and bioflim 
formation, all of which are essential for chronic P. aeruginosa respiratory infection, 
enabling persistence in the lung and disease progression (Davies et al., 1998; Smith 
and Iglewski, 2003). Studies using P. aeruginosa mutants with defects in the QS 
mechanisms indicate that the mutation does not markedly influence their growth 
under normal laboratory conditions. However, it does affect colonisation cell density 
levels, and results in severe virulence defects in various mouse, invertebrate and plant 
model systems, rendering the mutant incapable of causing disease (Tang a al., 1996; 
Parsek and Greenberg, 2000). 
1.1.6.3 Enzyme and antibiotic production 
Erwinia carotovora is a Gram-negative, pathogenic bacterium that causes soft-rot in a 
variety of plants including the potato, through the production and activity of various 
plant cell wall-degrading exoenzymes including pectate lyases, polygalacturonase, 
cellulase and several proteases (Barras a al., 1994). Production of these macerating 
enzymes is regulated via QS, enabling this phytopathogen to amass sufficient 
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numbers of bacteria for successful tissue destruction and evasion of the plant 
phytodefence mechanism (Kievit and Iglewski, 2000). 
Additionally the biosynthesis of the broad-spectrum antibiotic, carbapenem, by this 
bacterium is also controlled by QS, albeit by a second mechanism (Bainton et al., 
1992; Williams el al., 1992). Antibiotic and exoenzyme production occurs 
simultaneously, with both QS systems responding to the same signalling molecule, 
coupling the timing of the individual phenotypic responses (Andersson et al., 2000). It 
is hypothesised that as the exoenzymes macerate the plant cell wall, the antibiotic 
functions to inhibit other bacterial species and microflora, which will compete for the 
nutrients released by cell wall degradation and attempt to infect the plant via the 
wound produced by the E. carotovora exoenzymes (Miller and Bassler, 2001). 
1.1.6.4 Bioftlm formation 
Microbial colonisation of the major airways of CF patients by P. aeruginosa leads to 
a destructive lung disease which results in a need for aggressive treatment with 
antibacterial drugs and is a major cause of morbidity and mortality (Govan and 
Deretic, 1996; Welsh et al., 2001). P. aeruginosa is intrinsically resistant to numerous 
antimicrobial agents, including antibiotics, organic solvents and detergents. Bacteria 
living in biofllms can be up to 1000 times more resistant to antibacterial compounds 
than planktonic bacteria (Nickel et al., 1985). Therefore the formation of P. 
aeruginosa biofilms within the lungs of people with CF is of extreme clinical 
consequence resulting in a requirement for frequent physiotherapy to encourage the 
physical removal of mucus and the bacterial biofilm (Kievit and Iglewski, 2000). 
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Davies es al. (1998) demonstrated that in P. aeruginosa QS is required for the 
differentiation of individual cells into complex mature biofilm structures, with 
mutants forming thin, unstructured biofilms. More specifically P. aeruginosa lasl 
mutants terminate biofllm formation at the micro-colony stage resulting in biofllms 
that are more sensitive to environmental stresses and the detergent biocide sodium 
odecyl sulphate (SDS, 0.2 %) (Davies et al., 1998). 
1.1.6.5 Conjugation 
Agrobacterium tumefaciens causes crown gall tumours in a wide range of 
dicotyledonous plants. The genes that enable this organism to exhibit virulence are 
encoded on a large lumour-inducing (Ti) plasmid which is transferred from the 
bacterium to the host cell nucleus. Tumour formation is dependent upon the conjugal 
transfer of this oncogenic plasmid between the bacterium and the host cell, which in 
A. tutnefaciens is controlled by QS (Zhang and Kerr, 1991; Piper et al., 1993). The 
core components of this system are Tral, which synthesises the Al, N-(3-Qxo-
Qctanoyl)-L-homoserine lactone (OOHL); TraR, an OOFIL-dependent transcriptional 
activator of the plasmid's conjugal transfer genes and OOHL, the inducing ligand 
(Piper et al., 1993; Zhang et al., 1993; Hwang et al., 1994; Piper a al., 1999). 
1.1.6.6 Regulation responses 
According to Greenberg (1999), the majority of the QS-mediated regulatory responses 
identified so far appear to be related to secondary metabolism. The author proposed 
that a general theme was emerging in that bacteria that exhibit QS-mediated gene 
regulation, experience a plant or animal host association as part of their lifestyle. 
Although the photosynthetic bacterium Rhodobacter sphaeroides may be an 
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exception to this, Greenberg felt that the possibility of an involvement of this 
bacterium with a eukaryotic host that had not yet been reported, could not be ignored. 
However, Greenberg's observation does not imply that this is fact. There is a 
'selective pressure' applied to the scientific community, with regards to funding, that 
focuses research in the direction of organisms that are of medical and commercial 
importance. There is currently no financial impetus to research QS in bacteria that do 
not form a pathogenic or symbiotic relationship with either plant or animal cells, 
resulting in a research bias that would have a direct influence on Greenberg's 
observation. 
1.1.7 Cross-species communication 
In natural habitats bacteria usually exist in mixed populations potentially containing a 
wide variety of bacterial species. The ability to recognise and respond to multiple Al 
signals from different origins would enable any given species to monitor not only its 
own cell-population density but also the population density of other bacteria in the 
immediate environment. This would therefore enable each bacterial species to gauge 
when it constitutes a majority or minority of the total population. 
Although Al-IL-mediated QS is generally considered to be highly specific with 
regards to the binding of the receptor protein and its cognate ligand, many bacteria 
actually produce and respond to the same AHL. The presence of multiple species 
producing the same Al-IL within any given environment would therefore result in 
cross-activation of receptors, although whether this is by design or is a fortuitous 
coincidence that has been adapted to augment bacterial survival within any specific 
environment, remains to be elucidated. 
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As previously stated, haS, which encodes the synthase required for AI-2 production, 
is highly conserved in both Gram-positive and Gram-negative bacteria (1.1.3). This, 
combined with verification of A1-2 production by numerous species, has prompted 
great speculation that AI-2-mediated QS is a universal signalling mechanism for 
communication amongst and between species. However, LuxS functions in a major 
bacterial metabolic pathway and separating this function from QS is proving complex. 
To date the only genes shown to be regulated by AI-2 in species other than Vibrio 
spp., encode for an ABC transporter, which is responsible for AI-2 uptake, in S. 
typhimurium (Hardie et al., 2003; Taga a al., 2001). Therefore them is, as yet, little 
evidence to support the 'universal language' theory which currently remains purely 
speculative. 
1.1.8 Cross-kingdom communication 
Recent research has highlighted the possibility that some bacterial and eukaryotic 
signalling mechanisms have a common evolutionary origin. The inner membrane 
protein AarA of Providencia stuartii, which is required for the release of a currently 
structurally unidentified QS signalling molecule, has homology to the Drosophila 
melanogaster RHO (jjmboid protein) (Rather a al., 1999; Gallio a al., 2002). RHO 
is essential for many development processes in D. melanogaster including wing vein 
development (Schweitzer and Shilo, 1997). Gallio et al. (2002) demonstrated that the 
expression of D. inelanogaster rho in a P. stuanii aarA mutant complemented the QS 
signal defect and that expression of aarA in a D. melanogaster rho mutant rescued 
vein development, indicating a common signalling function. The discovery that 
homologues of RHO/AarA are nearly ubiquitous in all three kingdoms: bacteria, 
archaea and eukaryotes, combined with this possible common cell-to-cell 
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communication system, establishes the potential for cross-kingdom communication, 
although its actual occurrence has as yet to be demonstrated (Koonin a al., 2003; 
Waters and Bassler, 2005). 
Several recent studies have demonstrated that AFILs with several different structures 
can enter eukaryotic cells and also retain their functionality (Neddermann et al., 2003; 
Williams a al., 2004; Shiner a al., 2004). Evidence that bacterial AFILs can affect 
gene expression in host cells is increasing especially with regard to the multiple AFILs 
produced by P. aeruginosa and the effect that these AFILs appear to have on gene 
expression in a CF mouse model (Massion a al., 1994; DiMango a al., 1995). The 
subsequent isolation of these AFILs from the sputum of CF patients has provided 
further evidence in support of the clinical importance of these findings (Charlton a 
al., 2000; Singh a al., 2000; Erickson a al., 2002; Middleton a al., 2002 Chambers 
a al., 2005). However the mechanisms involved in this inter-kingdom signalling and 
the implications of this research for other bacteria-host relationships are not yet fully 
understood (Shiner a al., 2004). 
1.1.9 Quorum quenching 
As previously stated, the majority of bacteria for which QS systems have been 
identified experience a plant or animal host association as part of their lifestyle 
(1.1.6.6). Therefore it is highly likely that many of the eukaryotes susceptible to these 
bacteria have evolved methods designed to interfere with and/or manipulate bacterial 
QS to impede bacterial invasion/colonisation. AITh mediated QS is now recognised as 
a major mechanism in the regulation of virulence factors in many pathogenic bacteria. 
The potential for quenching QS mechanisms and therefore preventing the expression 
of virulence factors has been postulated for many years. However the transfer of idea 
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to reality has only recently become tangible with the discovery of several natural 
quorum quenching mechanisms. 
Them are three main targets for interfering with any QS mechanism; the Al synthase, 
the Al receptor and the Al itself. Although all three strategies are viable targets, to 
date very little research regarding the blockage of Al production has been undertaken 
(Rasmussen and Givskov, 2006a). 
1.1.9.1 Target 1: the Al synthase 
Although an obvious strategy for QS quenching, interference with Al synthases 
resulting in reduced AHL production, which in turn will prevent the population from 
'sensing' when a quorum has been reached, has so far been relatively neglected, 
(Rasmussen and Givskov, 2006a; Rasmussen and Givskov, 2006b). Many of the few 
SAM and acyl-ACP (AFIL substrate) analogues that have so far been identified, have 
proved to be potent inhibitors of the P. aeruginosa AHL synthase, Rh1T, blocking 
AHL production in vitro (Parsek etal., 1999). Parsek etal. (1999) found that the most 
effective inhibitor tested was L-S-adenosylcysteine, which lowered the activity of 
RhIT by 97 %. However, these tests were only performed in vitro and concerns have 
been expressed as to how such analogues of SAM and acyl-ACP, which are also 
essential metabolites in central amino acid and fatty acid catabolism, would affect 
other cellular functions (Rasmussen and Givskov, 2006a). 
The widely used biocide Triclosan kills susceptible bacteria by interfering with fatty 
acid biosynthesis, which is essential for bacterial growth. Triclosan is a powerful 
inhibitor of enoyl-ACP reductase which is not only involved in fatty acid biosynthesis 
but also in the synthesis of acyl-ACP, which as previously stated, is an essential 
substrate for AHL biosynthesis (1.1.2.1; Hoang and Schweizer, 1999). Therefore 
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Triclosan reduces the amount of substrate available for AHL biosynthesis and it has 
been demonstrated to reduce AFIL production in vitro (Hoang and Schweizer, 1999). 
However, as with many antibiotics and biocides, several bacterial pathogens have 
already developed resistance to this chemical, limiting its usefulness both as a biocide 
and in quorum quenching (Chuanchuen etal., 2001; Schweizer, 2001). 
1.1.9.2 Target 2: the A! receptor 
The traditional pharmacological approach of "receptor antagonism" is to block the 
receptor site with small molecules that bind to but do not activate it. This strategy for 
QS quenching has been intensively investigated resulting in the identification of many 
AHL analogues. Most compounds investigated so far have either a substitution, such 
as a keto-oxygen or an extra carbon atom in the AHL ring or the acyl side chain 
(Schaefer et at, 1996a; Rasmussen and Givskov, 2006b). Although many Al-IL 
analogues have now been generated, the majority are, as Schaefer et al. (1996a) 
experienced, actually competitive agonists rather than true inhibitors in that although 
they bind to the LuxR protein, and displace the AHL, they also activate the receptor 
and are therefore of limited application (Rasmussen and Givskov, 2006b). It may 
therefore prove prudent to look to natural examples of receptor inhibition, especially 
considering that the microorganisms that produce these analogues have had a 
selective pressure and hundreds of generations to perfect these strategies. 
The macroalga De!isea pulchra produces and excretes halogenated furanones which 
are closely related in structure to AHL. The furanones, having been internalised by 
the bacteria, can therefore interfere with the QS system by binding to LuxR-type 
proteins, displacing the AHL. Furthermore, this interaction of the furanone with the 
LuxR-like receptor protein is believed to act to destabilise the furanone-LuxR 
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complex, encouraging its rapid degradation and therefore decreasing the number of 
LuxR-like receptor proteins available (Manefield et al., 1999; Manefield et al., 2002). 
Although the mode of action of this decrease remains to be characterised, the process 
has been shown to inhibit AFIL-mediated gene expression, preventing the bacterial 
colonisation of the plant leaves, by inhibiting QS-controlled biofllm formation, 
essentially rendering the bacterium avirulent (Manefield et al., 2002). Crucially 
Manefield et al. (1999) also demonstrated that ecologically realistic concentrations of 
these furanones show inhibitory activity, demonstrating the possibility of an in vivo 
application. 
1.1.9.3 Target 3: the Al signal 
AHL-degrading enzymes have been isolated from numerous bacterial sources 
prompting speculation that their production is a useful strategy for bacteria when 
competing with AHL producing strains in the environment. The structure of AHL 
suggests four possible enzymatic cleavage sites (Figure 1.1.3) and therefore the 
potential for at least four different degradation enzymes. However, to date, only two 
of these groups of enzymes have been demonstrated to use AHLs as substrates (Dong 
and Zhang, 2005). 
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Figure 1.1.3: The general structure of AHL signalling molecules and their 
enzymatic degradation points 
An acylase and deaminase could separate the homoserine moiety and acyl side chain 
at sites marked a and ii. Alternatively a lactonase and a decarboxylase could break the 
lactone ring at the positions marked c and d respectively. 
1.1.93.1 AHL acylase 
AFIL acylase degrades AHL by hydrolysing the amide linkage between the acyl chain 
and the homoserine lactone moiety of AHL molecules, yielding fatty acids and 
homoserine lactone (Figure 1.1.3). Leadbetter and Greenberg (2000) demonstrated 
that a soil isolate of Variovorax paradoxus was capable of growth with AFILs as its 
sole energy and nitrogen sources. In this AHL acylase-mediated degradation, 
homoserine lactone is released into the medium, whilst the fatty acid is metabolised 
generating energy (Leadbetter and Greenberg, 2000). 
AHL acylase activity has also been demonstrated for a Raistonia spp. isolated from a 
mixed species biofilm (Lin et al., 2003). Cloning of the signal inactivation gene, aiiD, 
from this isolate, has provided valuable information with regard to the molecular 
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details underlying this degradation mechanism. Sequence homology searches have 
indicated that AHL acylase is conserved in many different bacterial species. Further 
analysis has suggested that this aiiD gene produces a novel and potent AFIL acylase, 
acting at point a on Figure 1.1.3, with the AFIL degradation products apparently 
exhibiting no activity when tested with QS bioassays (Lin et al., 2003). 
1.1.9.3.2 AHL lactonase 
Initially identified in the Bacillus isolate 240B1, the aiiA gene encodes an AHL-
inactivating enzyme (Dong et al., 2000). Further analysis of the gene product has 
indicated that it is a lactonase that hydrolyses the homoserine lactone ring of AHL to 
produce the corresponding acyl homoserines, which show much reduced biological 
activity. AiiA homologues have subsequently been identified in many subspecies of 
Bacillus thuringiensis and closely related Bacillus species (Dong a al., 2002; 
Reimmann a al., 2002; Lee a al., 2002). 
As previously stated, A. tumefaciens conjugation is controlled by QS, with the Al, 
OOHL, positively regulating the genes required for Ti plasmid transfer (1.1.6.5). 
Interestingly A. tumefaciens also produces an AHL lactonase, encoded by the the aiiA 
gene homologue auM, which is capable of degrading OOHL (Zhang et al., 2002b). 
The expression of this AFIL lactonase is growth-phase dependent, with enhanced 
expression occurring when the cells enter stationary phase, resulting in a sudden 
decrease in OOHL concentration and the termination of conjugation related QS 
(Zhang a al., 2002b). Therefore A. tutnefaciens can control both the initiation of 
conjugation via QS and its termination via quorum quenching maximising the 
efficiency of Ti plasmid transfer. 
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1.1.9.3.3 Paraoxonase 
Sera of several mammalian species, including humans and horses, are known to have 
Al-IL inactivation activity due to lactonase-like enzyme(s), reminiscent of 
araoxonases (PON5), hydrolysing the lactone ring to produce acyl homoserine (Yang 
a al., 2005). There are three different members of the PON gene family in humans-
PON!, PON2 and PON3. Although the physiological role(s) and natural substrates of 
the PON enzymes are currently uncertain, Dragonov 
€1 al. (2005) proposed that 
degradation of AHLs could represent a major physiological role for the PONs, 
especially for human PON2 and therefore could be important for host defence. 
1.1.9.3.4 Chemical lactonolysis 
Yates a al. (2002) demonstrated that AHLs are unstable in alkaline conditions. At pH 
levels above 7 the AHL undergoes lactonolysis diminishing its biological activity. 
Plants which are infected with the tissue-macerating pathogen E. carotovora (1.1.6.3) 
increase the pH at the infected site. This alkalinization leads to inhibition of AHL-
mediated QS, reducing the extent of the bacterial attack (Byers et al., 2002). 
1.1.9.3.5 Human airway epithelia 
P. aeruginosa produces two AFILs which are hierarchically regulated, in that the 
threshold levels of N-(3-Qxo4o4ecanoyl)-L-omoserine lactone (OdDHL), the key Al, 
are required to activate the production of the secondary Al, N-utanoyl-omoserine 
lactone (BHL) (1.1.5; Pearson a al., 1994; Pearson a al., 1995; Latifi a al., 1996; 
Pesci and Iglewski, 1997). Recent findings indicate that differentiated human airway 
epithelial cells contain a membrane-associated enzyme-like mechanism that 
inactivates OdDHL. (Chun et al., 2004). Despite this AHL-inactivating activity, 
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significant levels of 30C12-HSL have been measured in the sputum of P. aeruginosa-
infected CF patients (Erickson ci al., 2002). Chun ci al. (2004) proposed that 
inadequacy or failure of AHL inactivation might contribute to the persistence of AFIL 
and biofllm production in chronic lung infections and that augmenting the innate 
mechanisms or supplying new ones could be of value in treating chronic infections. 
Interestingly OdDHL - degrading activity has been demonstrated for several other 
mammalian cells, with cells derived from human epithelia that have been exposed to 
pathogens, showing the highest extent of OdDHIL inactivation (Chun ci al., 2004). 
Potentially, this AHL degrading activity could result in the inhibition of the regulation 
of hundreds of genes, production of extracellular virulence factors, bioflim 
development and most importantly OdDHL autoinduction and the hierarchically 
regulated production of BFIL (Davies et al., 1998; Schuster ci al., 2003; Smith and 
Iglewski, 2003; Wagner ci al., 2003). However, the full implications of these recent 
findings, especially with regard to P. aeruginosa biofilm formation in the lungs of 
people with CF (1.1.6.4) and how this opportunistic pathogen copes with this 
inactivation, remains to be seen (Zhang and Dong, 2004). 
1.1.9.4 Quorum quenching application 
Numerous examples of quorum quenching in the natural environment have now been 
identified, suggesting that signal interference has significant implications amongst 
microorganisms competing for nutrients and ecological niches. More importantly, 
such signal interference could be manipulated by scientists to control bacterial growth 
and gene expression in numerous environmental and clinical settings (Zhang and 
Dong, 2004). As quorum quenching does not kill or inhibit the growth of bacteria, a 
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repeat of the intense selective pressure applied by antibiotics for the development of 
resistant mutants is unlikely to occur, making the manipulation of quorum quenching 
for medicinal purposes, highly desirable (Hentzer and Givskov, 2003; Williams, 
2002). 
Although the production of AHL degrading enzymes may be a practical quorum 
quenching solution for plants and bacteria in the natural environment, Rasmussen and 
Givskov (2006b) have suggested that the medicinal application of these enzymes in a 
commercial setting will initially, at least, be limited to topical use due to the 
significant problems encountered in delivering proteinaceous agents systemically. It is 
also important to remember that both the chemical and enzymatic lactonolysis 
reactions are reversible and therefore once the lactonolysis catalyst (be it enzymatic or 
chemical) is depleted, the opened AHL ring will reform, reinstating the biological 
activity of the AFIL (Camara et al., 2002). In addition to this, halogenated furanones 
(1.1.9.2) are unstable and several of the other quorum quenching compounds that 
have been identified, are toxic or naturally exist in low concentrations rendering them 
unsuitable for human use (Rasmussen and Givskov, 2006b). 
However, given the numerous examples of quorum quenching in the natural 
environment, its potential for controlling bacterial growth and infection is 
unquestionable. Thus additional research, focusing on the identification and 
development of quorum quenching molecules for in vivo testing, is required. 
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1.1.10 QS in the gastrointestinal tract 
The gastrointestinal (01) tract is the largest and most complex environment in the 
mammalian host, with a large variety of ecological niches for aerobic, facultative 
anaerobic and anaerobic organisms. An estimated 500-1000 different bacterial species 
reside in the intestine, the majority of which have not yet been cultured in vitro (Xu ci 
al., 2003; Kaper and Sperandio, 2005). Kaper and Sperandio (2005) suggested that 
due to the extreme bacterial density, there is no environment in the human body with 
greater potential for cell-to-cell signalling than the 01 tract. 
Despite the identification of QS mechanisms for numerous pathogenic and 
commensal bacteria of the UI tract, there is, as yet, little evidence of QS in vivo, 
although AI-2 and AI-3 activity has been detected in faecal specimens from healthy 
individuals (Sperandio et al., 2003). Additionally, concentrations of AI-2 activity 
were found to vary among subjects by as much as 10 fold, raising the possibility that 
this variation in AI-2 activity levels in different individuals' intestines, may result in 
different courses of disease (Sperandio ci al., 2003). AI-3 activity was also detected in 
a stimulated intestinal environment inoculated with a faecal specimen from a healthy 
individual (Sperandio ci al., 2003). As E. coli is one of the most common bacterial 
species in the 01 tract, the detection of AI-3, which has been linked to induction of the 
type RI secretion system and flagellum expression in EFIEC, is of particular relevance 
(Farthing, 2004). 
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1.1.11 QS and human food 
Al activity has been demonstrated for many foodborne pathogens in vitro and several 
studies have reported the isolation of AHLs from foods including bean sprouts, 
various fish and meat products (Gram et al., 1999; Cloak et al., 2002; Gram et al., 
2002; Buch a al., 2003; Bruhn a al., 2004; Rasch a al., 2005). Rasch et al. (2005) 
demonstrated that the bacterial spoilage of some food products (more specifically soft 
rot in bean sprouts) is influenced by QS-regulated phenotypes, providing preliminary 
evidence that Al production may be exploited to control bacterial growth and survival 
in foods. However, as yet, little is known about the roles of QS in the growth and 
survival of bacteria in food environments in vivo, and its significance to the food 
industry with regard to food spoilage and food toxicity (Cloak et al., 2002). 
Theoretically environmental conditions, including the type of food, incubation 
temperatures, and the atmospheric conditions may have an effect on both the amount 
and type(s) of Al produced. However, a recent study of AHL and AI-2 production by 
food-derived Enterobac:eriaceae, found that changes in environmental parameters 
including carbon source, temperature, salt concentration and co-existing lactic acid 
microflora had little effect on the specific Al-IL concentration and did not affect the 
types of Al-IL produced (Flodgaard a al., 2003). 
The contribution of QS and Al-IL production to food spoilage remains unclear, as does 
the consequences of the consumption of food containing AHL and contaminated with 
Al-IlL producing bacteria. As all of the bacteria present in the GI tract enter through 
the mouth either with food and drink or by direct person-to-person contact, Al 
producing bacteria and Al activity in food may not only affect the speed and extent of 
microbial food spoilage, but may also affect the levels of Al and Al producing 
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bacteria within the (31 tract and therefore, potentially affect the course of disease in 
individuals (Farthing, 2004). 
The advancement of knowledge pertaining to QS, from its initial discovery in V. 
fischeri to the elucidation of the Al structures and the genes that they regulate is 
unquestionable. However, additional research with specific regard to the medical and 
industrial implications of this fascinating phenomenon is still required. 
1.1.12 Aim of study 
QS-quenching is now emerging as a potent potential method of infection control that 
avoids the usual problems associated with conventional antibiotic-based methods such 
as resistance and eradication of the natural commensal bioflora necessary for healthy 
(31 tract function. Therefore a full understanding of the QS networks, AIs produced 
and the genes they regulate with particular regard to virulence factors, is vital. This 
study is intended to further the current understanding of AHL-mediated QS in the 
foodbome pathogens E. coli and Campylobac:erjejuni. 
IIi] 
CHAPTER 2 
Escherichia coli 
Introduction: Escherichia coli 	 Sarah J Carmichael 
2.1 INTRODUCTION 
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2.1.1 Morphology and metabolism 
E. coli is a Gram-negative, non-spore forming, facultative anaerobe that ferments a 
wide range of sugars, including lactose, producing acid and gas. E. coli is oxidase, 
Voges-Proskauer and citrate negative, but produces indole and is methyl red positive 
(Feng, 2001). Its morphology is typically a straight, round-ended rod, approximately 
0.5-1.0 x 1-6 jim in size. They usually occur singly or in pairs and most strains are 
motile and commonly have fimbriae and/or pili. Its cells may have a polysaccharide 
capsule or microcapsule and a typical Gram-negative-type cell wall. It forms colonies 
on nutrient agar (37 °C, 24 h) which are usually 1-3 mm in diameter and may be 
smooth, low-convex and greyish-translucent. Mucoid and slime-producing strains 
may also occur (Singleton and Sainsbury, 1999). 
2.1.2 History 
During a series of studies of the intestinal flora of infants in the late 19th 
 century, 
Theodor Escherich first described Bacterium coli, a normal microbial inhabitant of 
healthy individuals. This bacterium was later renamed as E. coli in his honour (Kaper, 
2005). E. coli is the most abundant facultative anaerobe present in the intestine of 
humans and many other warm-blooded species (Donnenberg, 2002). It has become a 
model organism, playing a critical role in the development of molecular biology, 
enabling the study of gene regulation and manipulation (Kaper, 2005). 
2.1.3 Reservoirs and potential infection sources 
E. coli is one of the most common bacterial species in the GI tract flora of warm- 
blooded animals (including birds and mammals) and is necessary for the normal 
development and function of the GI tract (Farthing, 2004). Under normal conditions, 
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commensal E. coli variants confer benefits to their human and animal hosts by 
suppressing the growth of harmful bacteria within the 01 tract and by synthesising 
appreciable amounts of vitamins (Feng, 2001). Initially considered as a human/animal 
0! tract commensal with low virulence potential, E. coli is now known to be capable 
of causing serious disease and even death. 
Unsurprisingly, as a natural inhabitant of the 01 tract of many animals, E. coli is 
widely distributed throughout the environment and therefore both food and water 
supplies are susceptible to contamination. As previously stated all bacteria present in 
the 01 tract enter through the mouth either with food and drink or by direct person-to-
person contact (1.1.11). E. coli is frequently present in animal products such as meat 
and milk, and on crops treated with animal manure fertilisers and/or irrigated with 
water contaminated with faeces. This wide-scale distribution provides ample 
opportunity for the transmission of E. coli to the Of tract, especially when food is 
improperly prepared and/or prepared by unsanitary food handlers. 
2.1.4 Infection 
Russo and Johnson (2003) broadly categorised the E. coli strains of biological 
significance, from a genetic and clinical perspective, into three groups:- commensal 
strains, intestinal pathogenic strains (enteric or diarrhoeagenic) and extraintestinal 
pathogenic strains. 
2.1.4.1 Commensal E. coli 
Commensal E. coli variants, which as previously stated confer benefits to the host 
enabling the normal development and function of the 01 tract, are generally 
considered to lack the pathogenic features and virulence factors that enable intestinal 
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and extrajntestinal strains to cause disease (2.1.3). However, they can become 
problematic in specific situations such as when a foreign body (e.g. a urinary catheter) 
is present (Russo and Johnson, 2003). 
2.1.4.2 &traintestinal pathogenic E. oli (ExPEC) 
ExPEC have been linked to infections of the urinary tract (2.1.3.2.1), 2erebral pinal 
fluid (CSF) (2.1.3.2.2), blood stream (2.1.3.2.3), respiratory tract and peritoneum 
(spontaneous bacterial peritonitis) (Johnson et al., 2002; Johnson, 2003). The majority 
of the strains involved in these infections belong to the same phylogenetic group and 
harbour genes encoding specialised virulence traits resulting in a highly virulent 
profile (Johnson et al., 1994; Maslow et al., 1995; Picard et al., 1999; Johnson and 
Stell, 2000; Johnson et al., 2002; Johnson, 2003). Most ExPEC strains are 
opportunistic and possess a wide range of virulence factors that enable survival, 
colonisation and infection of a wide variety of tissue, blood and urine based 
environments. ExPEC constitute an increasing problem for human medicine, 
especially in patients that are immunocompromised due to disease, chemotherapy or 
old age (Ron, 2006). 
ExPEC strains have also been associated with abdominal and pelvic infections, 
pneumonia, surgical site infections, ulcers, cellulitis, burn wound infections and can 
occasionally be associated with sinusitis and endocarditis (Russo and Johnson, 2003). 
2.1.4.2.1 Uropathogenic L. Lou (UPEC) 
The urinary tract is one of the most common sites of bacterial infections in women, 
with E. coli being the most common infectious agent accounting for as many as 90 % 
of all urinary tract infections (UTIs), seen among ambulatory populations (Kaper et 
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al., 2004; Marrs etal., 2005). UTIs are defined as "a significant number of pathogenic 
organisms in the urinary system". If symptoms, such as painful or infrequent urination 
or blood in the urine, are present, as few as 100 colony forming units/mi urine may be 
considered significant (Stamm, 1982; Kan -am and Mallipeddi, 1999; Mans a al., 
2005). Symptomatic UTIs may be acute, recuntnt or chronic, but the most common 
form of UT! is asymptomatic bacteruria, in which despite the presence of large 
numbers of bacteria in the urine (possibly more than 10 5 colony forming units/mi 
urine) for months or even years, the mucosa remains inert, and no symptoms/sequelae 
develop (Lindberg a al., 1978; Bergsten a al., 2005). In some extreme cases E. coli 
from UTIs can ascend from the bladder through the ureters to the kidneys, and then 
potentially enter the bloodstream resulting in bacteraemia (Kaper a al., 2004). These 
differences in disease severity result from the propensity of the host to respond to 
infection and the virulence potential of the infecting strain, which arises from the 
possession of type 1 fimbriae, the ability to acquire iron and grow in urine as well as 
the production of other virulence factors (Connell a al., 1996; Bergsten et al., 2005). 
2.1.4.2.2 Neonatal meningitis associated E. Lob (NEMEC) 
E. co!i is the most common cause of Gram-negative neonatal meningitis, with an 
overall mortality rate of 15 - 29 % that rises to nearly 40 % in premature infants 
(Mulder a al., 1984; de Louvois et al., 1991; Franco a al., 1992; Unhanand et al., 
1993). Severe neurological sequelae affect as many as half (33 - 50 %) of the 
survivors, who frequently require extensive supportive and rehabilitative care, even 
after the infection is cured (Franco etal., 1992; Unhananand etal., 1993; de Louvois, 
1994; Dawson a al., 1999). NEMEC pathogenesis is a complex process of multiple 
steps including colonization in the 01 tract, intestinal translocation, bacteraemia, and 
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passage across the blood-CSF ban -icr (Xie et al., 2004). Once bacteria enter the 
central nervous system, they multiply and induce the release of proinflammatory and 
toxic compounds, which leads to increased permeability of the blood-CSF barrier and 
migration of white blood cells across the blood-CSF barrier (pleocytosis), resulting in 
meningitis (Xie et al., 2004). A greater understanding of these pathogenic processes 
and the virulence factors involved is required to reduce the incidence and improve the 
treatment of this disease. 
2.1.4.2.3 Sepsis associated E. Loli (SEPEC) 
Bacteraemia can result from any primary ExPEC invasive infection, including 
meningitis and UTIs (Russo and Johnson, 2003; Ron, 2006). Therefore, as all diseases 
caused by ExPEC potentially involve or have the potential to lead to septicaemia, Ron 
(2006) suggested that all ExPEC strains should be considered as septicaemia. ExPEC 
is the leading cause of blood stream infections in nursing homes, hospitals and in the 
young, especially children (Kim, 2002; Mylotte et al., 2002; Siegman-Igra et al., 
2002). SEPEC strains have a high incidence of drug resistance, which is often 
transmissible by plasmids and the recent increase in the frequency of strains with 
extended spectrum -lactamases, has severely limited the treatment option available 
(Girardeau et al., 2003; Johnson et al., 2004; Maslow et al., 2004; Blomberg et al., 
2005; Branger etal., 2005; Jackson etal., 2005; Johnson et al., 2005). 
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2.1.4.3 Intestinal pathogenic E. coli 
There are several pathotypes of enterovirulent E. coli that cause gastroenteritis in 
humans. These pathogenic sub-types possess additional genetic material that encodes 
for specific virulence factors that directly determine the nature of the disease. The six 
most important pathotypes currently recognised are: enterohaerriorrhagic E. çoli 
(EHEC), gnterotoxigenic E. Lou (ETEC), enteroathogenic E. coli (EPEC), 
nteroilggregative E. çoli (EAEC), enteroinvasive E. olj (EJEC) and 4iffusely 
adherent E. colt (DAEC). 
2.1.4.3.1 EHIEC 
The predominant illness caused by EHEC is haemorrhagic colitis, which is 
characterised by acute abdominal cramps and watery diarrhoea progressing to 
vomiting and bloody diarrhoea in about 90 % of culture confirmed cases (Karch et al., 
2005). Fever is rare when patients are being evaluated, although approximately 50 % 
of patients report fever early on in illness, prior to seeking medical advice (Karch et 
al., 2005). Haemolytic llremic syndrome (HUS) develops in approximately 15 % of 
EHEC 0157:H7 patients under 10 years of age. This is a profound disorder that 
requires immediate supportive treatment in specialised centres with particular regard 
to fluid and electrolyte management (Tan and Neil!, 2001; Andreoli et al., 2002). 
Although most patients recover, some survivors suffer from chronic renal sequelae 
(Garg et al., 2003). Other potential sequelae include diabetes mellitus, neurological 
disorders, hypertension, colonic strictures, cholelithiasis and urinary abnormalities of 
uncertain clinical significance (Siegler, 1995; Brandt et al., 1998). 
As the bovine intestinal tract is the main EHEC reservoir (other potential reservoirs 
include sheep, goats, horses, pigs, dogs, poultry and deer), initial outbreaks were 
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associated with consumption of undercooked hamburgers (Riley a at., 1983; Kudva 
a al., 1996; Bielaszewska a al., 1997; Keene et at., 1997; Heuvelink a at, 1999). 
Subsequent foodborne disease associations include sausages, unpasteurised milk, 
lettuce, cantaloupe melon, apple juice and sprouts. EHEC has also been linked to 
numerous outbreaks associated with recreational and municipal drinking water, 
person-to-person transmission and from petting zoo/farm animals (Kaper et al., 2004). 
EFIEC has an extremely low infectious dose (estimated to be c 100 cells), with an 
incubation period that generally ranges from 3 to 8 days but can be as short as 1 to 2 
days (Bell et al., 1994; Kaper a al., 2004; Smith and Fratamico, 2005). The most 
important EHEC virulence factor is the production of large quantities of one or more 
related shiga toxins (Stx), (also known as verotoxins) that cause severe damage to the 
lining of the intestine, resulting in haemorrhagic colitis. Stx contribute to the 
inflammatory responses and the pathology of EHEC by modulating the expression of 
chemokines and cytokines by human epithelial and endothelial cells (Cherla et al., 
2003; Matussek a at, 2003). For EI-IEC strains the main genes involved in virulence 
expression including sep, esc, eae, espABD are encoded on the LEE pathogenicity 
island, expression of which results in the formation of cup-like pedestals called 
attaching and effacing (AE) lesions on the microvilli of the intestinal cell membrane, 
and a (Frankel a al., 1998; Donnenberg and Whittam, 2001). 
The genes sep and esc encode a type ifi secretion system and the espABD encode 
proteins secreted by this system that form a filamentous-like structure that 
translocates bacterial proteins directly into the host cell. The eae gene encodes for an 
adhesion called intimin that is responsible for the intimate attachment of the bacteria 
to the epithelial cells whereas the hr gene encodes the intimin receptor and the ler 
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gene (LEE-encoded regulator) encodes a positive regulator of the LEE genes. E. coil 
0157:H7 is the most publicised serotype of this group accounting for the greatest 
proportion of disease cases, causing an estimated 73,000 cases of illness and 61 
deaths each year in the United States of America (Mead a ai., 1999). Infections in the 
UK are considered uncommon compared with the United States of America, with 
provisional data indicating 699 verocytotoxin-producing E. coil 0157 isolations from 
humans examined by the Laboratory of Enteric Pathogens England and Wales in 2004 
(www.hpa.org.uk). However, E. coil 0157:H7 infections are considered to be of 
increasing importance within the UK, especially with respect to the high 
hospitalisation rates (> 50 %) (Neill et ai., 2001). 
2.1.4.3.2 ETEC 
ETEC is the most frequent cause of bacterial diarrhoea in high risk populations, with 
high morbidity and mortality in infants, young children and the elderly, in developing 
countries (Kaper a ai., 2004). Despite being the main cause of diarrhoea in travellers 
to developing countries, ETEC-induced diarrhoea in developed countries is 
uncommon and therefore it is not considered to be a serious foodbome disease hazard 
in these countries (Nataro and Kaper, 1998). The main source of infection is 
food/water contaminated with human sewage, or foods such as salads, dipping sauces 
or ready-to-eat items such as hot dogs, that are contaminated by infected food 
handlers or by general poor standards of hygiene (Black et ai., 1981; Tilden et ai., 
1996). ETEC causes watery diarrhoea, which can range from a mild, self-limiting 
disease to severe purging disease and when prolonged in children, it can lead to 
severe dehydration and malnutrition. Other symptoms included nausea and mild-to-
moderate abdominal cramping without fever. 
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ETEC adheres to and colonises the surface of the small bowel mucosa and produces 
enterotoxins, which induce intestinal secretion and diarrhoeal illness by promoting 
chloride ion secretion from the epithelial cells of the small intestine (Farthing, 2004). 
ETEC secretory enterotoxins are either heat-labile toxins (LT5) or heat-tab1e toxins 
(STs), with each ETEC expressing either a LT or a ST, or both. The major adherence 
factors required for attachment of the ETEC strains to the host cells are the plasmid 
encoded, colonisation factor antigens which may or may not be encoded by the same 
plasmid as the ETEC secretory enterotoxins (Cohen and Giannella, 1995; Mol and 
Oudega, 1996). 
2.1.4.33 EPEC 
EPEC was the first E. coli pathotype identified when described in association with 
large outbreaks of diarrhoea in the UK (Bray, 1945; Bray and Beaven, 1948). 
Although usually transmitted via the faecal-oral route, transmission via contaminated 
hands and food also occurs. The incidence of infection is decreasing in many 
countries due to improved hygiene and sanitation, but it is still an important cause of 
diarrhoea in infants; children less than 2 years of age are at risk and infants less than 6 
months old are particularly susceptible (Smith and Fratamico, 2005). Outbreaks in 
developed countries are rare although EPEC has been associated with outbreaks of 
infantile enteritis in nurseries and pediatric wards (ValIance and Finlay, 2000). 
Although usually mild and self-limiting, symptoms of severe cases may include fever, 
malaise, vomiting, food intolerance, weight loss/wasting and a failure to thrive 
(Fagundes-Neto and Scaletsky, 2000). Occasionally, acute EPEC-induced diarrhoea 
in infants is prolonged and can become chronic, leading to dehydration, electrolyte 
imbalance and death with a mortality rate approaching 50 % (Valiance and Finlay, 
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2000; Blank et al., 2002; Clarke et al., 2002). Treatment usually consists of oral 
hydration although in severe cases parenteral rehydration is necessary. 
The natural reservoir for EPEC is the human GI tract (human serotypes are not found 
in other animals) and the site of infection is the small bowel epithelium, where the 
organism binds loosely (localised adherence) to the epithelial cells and injects 
virulence factors into the cells (ValIance a al., 2002). The virulence factors interact 
with the host cell components, altering the host cell signalling pathways resulting in 
disease (ValIance and Finlay, 2000). Following localised adherence, which requires 
the EPEC adherence factor plasmid, proteins are secreted, resulting in intimate 
bacterial attachment and the formation of the characteristic AE lesions as with EHEC 
(2.1.3.3.1) (Farthing, 2004). 
2.1.4.3.4. EAEC 
EAEC are defined as E. coli that do not secrete LT, ST or Stx enterotoxin and that 
adhere to Hep-2 cells in a pattern known as "autoaggregative", in which bacteria 
adhere to each other in a 'stacked-brick' configuration (Nataro a al., 1995; Law and 
Chart, 1998). Although EAEC are increasingly recognised as a cause of diarrhoea in 
children and adults in both developing and developed countries, not all EAEC strains 
are pathogenic. EAEC infection may be asymptomatic, but when symptoms do occur 
they often consist of protracted watery diarrhoea, abdominal pain, borborygmus 
(rumbling due to gas), low-grade fever and vomiting (Smith and Fratamico, 2005). 
A three-stage model of EAEC pathogenesis, consisting of adherence, mucus 
production and elaboration of cytotoxins resulting in intestinal secretion and mild but 
significant damage to the mucosa, has been proposed (Flicks et al., 1996; Nataro et 
al., 1998; Onkeke and Nataro, 2001). Although several types of fimbriae are known to 
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be involved with aggregative attachment and several toxins have been described, no 
single virulence factor has been irrefutably associated with EAEC virulence indicating 
a 'package' of plasmid-borne and chromosomal virulence factors as in other enteric 
pathogens (Kaper et al., 2004; Smith and Fratamico, 2005). 
2.1.4.3.5 EIEC 
EIEC strains are genetically, biochemically and pathogenically closely related to 
Shigella spp., possessing the same virulence genes and inducing similar disease 
symptoms that can result in bacillary dysentery. Infection induces watery diarrhoea 
that is indistinguishable from that due to other E. coil infections, and which can be 
voluminous and may contain blood and mucus (Nataro and Kaper, 1998). Diarrhoea 
may also be accompanied by abdominal pain, fever, and vomiting (Neill ci al., 2001). 
Food- and water-borne outbreaks of ELEC are rare in developed countries, primarily 
due to the high standards of sanitation and personal hygiene. Although all age groups 
are affected by this infection, it is highly likely that EIEC infections are of more 
importance in young children in developing countries due to the poor standards of 
sanitation. Foods connected to outbreaks include French soft cheeses, potato salad and 
guacamole, and raw foods contaminated by infected workers, cooked foods that are 
not reheated after being handled by infected personnel, or food/water contaminated 
with faeces from an infected individual (Gordillo ci al., 1992; Hale ci al., 1997; 
Wilishaw ci al., 2000). Direct person-to-person transmission can occur but is 
generally thought to be uncommon, possibly due to the relatively high infective dose 
required to induce disease when compared with Shigelia infections (Harris ci al., 
1985; Hale cial., 1997). 
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EIEC possesses several surface proteins that permit attachment to and direct invasion 
of the host intestinal mucosal epithelial cells with enterocyte penetration occurring via 
endocytosis (Farthing, 2004). Penetration is followed by intracellular multiplication of 
the bacterial cells, lysis of the endocytic vacuole releasing the bacterial cells and 
directional movement through the cytoplasm, which enables the extension of the 
infection into adjacent epithelial cells (Nataro and Kaper, 1998). Interestingly the 
EIEC plasmid-borne genes required for invasion, multiplication and survival within 
the host intestinal mucosal epithelial cells, are identical to those found on the Shigella 
invasion plasmid and therefore as previously stated, induce similar disease symptoms 
(Hale etal., 1997; Nataro and Kaper, 1998; Lan etal., 2001). 
2.1.4.3.6 DAEC 
Currently considered to constitute a putative sixth group of diarrhoeagenic E. coli, 
DAEC are generally associated with watery diarrhoea that can become persistent in 
young children (Nataro and Kaper, 1998; Le Bouguénec, 1999; Russo and Johnson, 
2000; Kaper et al., 2004; Servin, 2005; Le Bouguénec and Servin, 2006). Other 
symptoms include fever and vomiting (Smith and Fratamico, 2005). However, not all 
strains of this heterogeneous group of E. coli induce diarrhoea and some isolates have 
been linked to UTIs (Servin, 2005; Smith and Fratamico, 2005). DAEC strains exhibit 
diffuse adherence to epithelial cells in a laboratory assay of their adherence to Hep-2 
or HeLa cells, due to the production of adhesins encoded by a family of related 
operons (Cravioto et al., 1991; Le Bouguénec and Servin, 2006). No secretion 
system-encoding genes have as yet been found associated with pathogenic DAEC, 
although Peiffer etal. (2000; 2001) observed adhesion-independent cellular lesions in 
DAEC-infected cells, suggesting the presence of additional virulence factors (Blanc. 
Introduction: Escherichia coli 
	 Sarah I Carmichael 
Potard et al., 2002). Therefore further research focusing on the virulence factors and 
the pathogenic mechanisms of this highly variable pathovar and their role in causing 
diarrhoeic syndromes, is required (Smith and Fratamico, 2005). 
2.1.5 Therapy 
As the routes of transmission and epidemiological features of these E. coil vary 
considerably between the different pathotypes and their geographical locations, 
treatment must be type specific. 
The majority of E. coli-induced gastroenteritis cases are treated symptomatically with 
adequate hydration. For more severe or prolonged cases or for disease in elderly or 
debilitated patients, specific chemotherapy is required. However, widespread 
antibiotic resistance has now been recognised in many E. coli isolates from human, 
animal and environmental sources. Although the prevalence rates for resistance vary 
for different populations and environments, resistance levels are usually high for 
broad-spectrum penicillins and trimethoprim, and low for third generation 
cephalosporins and nitrofurantoin (Jones et al., 2004; von Baum and Mane, 2005). 
Currently, the most common resistance found in bovine and human F. coil 0157:H7 
isolates is to tetracycline, followed by resistance to streptomycin and ampicillin 
(Wilkerson and van Kirk, 2004). 
The treatment of F. coil 0157:H7 and other EI-LEC strains with antibiotics is 
controversial as it may increase the expression of Stx, and/or cause bacterial injury 
resulting in an increased release of preformed toxins, thereby increasing the risk of 
HUS in both children and adults (Wong et al., 2000; Dundas etal., 2001; MØlbak et 
al., 2002). Although there is currently no established treatment regime for F. coil 
0157:H7, there are several lines of investigation such as vaccines for use in both 
45 
Introduction: Escherichia coli 
	 Sarah J Carmichael 
cattle and humans that decrease shedding and the levels of the pathogen in faeces. 
Other possible treatment protocols include Stx receptor mimics, Stx-neutralising 
monoclonal antibodies and EHEC-haemolysin (Huppertz et al., 1999; Paton et al., 
2001; Yamagami etal., 2001). 
As the incidence of serious E. co!i induced extraintestinal infection increases with 
age, the ever increasing proportion of elderly people in the UK and other developed 
countries will result in a steady increase in the number of extraintestinal E. coli 
infections (Angus et al., 2001; McBean and Rajamani, 2001; Russo and Johnson, 
2003). This increase, combined with increasing antimicrobial resistance, will make 
the future treatment of such infections more challenging and costly. Therefore new 
treatments and preventative strategies, such as removal of contamination at source, 
improved food hygiene procedures and the enforcement of strict standard hygiene 
procedures in the healthcare setting, will be required. These measures, combined with 
the implementation of strategies designed to minimise the increase in antimicrobial 
resistance are necessary to tackle this growing problem (Russo and Johnson, 2003). 
2.1.6 E. co!i genome 
Genome sequences are now available for both pathogenic (EHEC 0157:H7 EDL933 
and UPEC CF17073) and non-pathogenic (E. co!i K12 MG1655) E. coil strains 
(Blattner etal., 1997; Hayashi etal., 2001; Pema etal., 2001; Welch etal., 2002). 
The 4,639,221-basepair (bp) chromosomal sequence of E. coil K-12 MG1655 was 
first published by Blattner et al. (1997). The original K-12 strain was isolated by 
Lederberg in 1922 from a convalescent patient suffering from diphtheria and is 
possibly one of the most studied bacteria in science (Lederberg, 1951; Bachmann, 
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1996; Lederberg, 2004). The E. coli strain K-12 M01655 was chosen as it has been 
maintained as a laboratory strain with minimal genetic manipulation and it is therefore 
the strain most similar to the original (Bachmann, 1996; Blattner et al., 1997). 
EHEC 0157:H7 strain EDL933 is an isolate from Michigan ground beef and was 
originally linked to a multistate USA outbreak in 1982, in which E. coil 0157:H7 was 
first associated with human disease (Riley et al., 1983). The 5,528,445-bp 
chromosomal sequence of this strain which was first published by Pema et al. (2001), 
contains 1,387 genes that are not present in E. coli K-12. Although EHEC 0157:H7 
(EDL933) and E. coli K-12 appear to share a common backbone of 4.1 megabases 
(Mb), the similarity between the chromosomes is discontinued in EDL933 by 177 so-
called 0 islands, some of which have been linked to pathogenicity and Stx (Penia et 
al., 2001) 
UPEC CFT073 was originally isolated from the blood of a woman with acute 
pyelonephritis at the University of Maryland Hospital (Mobley et al., 1990). The 
5,231,428-bp genome sequence of UPEC CFT073 contains no plasmids, is 590,209 
bp longer than the E. coli K-12 MG1655 genome sequence and similar in size to the 
EHEC 0157:H7 EDL933 strain (Welch et al., 2002). 
A three-way comparison of these strains by Welch et al. (2002) indicated that only 
39.2 % of their combined (non-redundant) set of proteins are actually common to all 
three strains and that the pathogen genomes are as different from each other, as each 
pathogen is from the non-pathogenic strain. The results of this study also highlighted 
the differences in disease potential between the two pathogenic strains, in that the 
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genes encoding the type ifi secretion system and phage/plasmid encoded toxins are 
absent in the UPEC CFT073 strain. Additionally, in comparison to the other genomes 
the UPEC CF17073 genome is particularly rich in genes that encode potential fimbrial 
adhesins, autotransporters and iron-sequestration systems, confirming that the 
potential pathotype of a particular E. coli strain depends on the repertoire of specific 
virulence genes present within its genome (Donnenberg, 2002; Welch et al., 2002). 
2.1.7 QS in E. coil 
Although many members of the Enterobacteriaceae produce AHLs, no strains of E. 
coil have, as yet, been found to produce these AIs (Williams, 2006). However, E. coil 
does possess a LuxR homologue termed SdiA (suppressor of division inhibition) 
which binds specific AHL Al molecules when a threshold concentration is attained. 
Therefore, E. coli is capable of responding to exogenous sources of AHL, possibly 
activating transcription of the ftsQAZ gene cluster, which encodes functions required 
for cell division in F. coii (Sitnikov et al., 1996). This has stimulated speculation that 
F. coil may respond to exogenous AFILs produced by other species in mixed 
communities as found in the cii tract or in bioflims. 
The rpoS gene encodes the alternative stationary phase sigma factor, & (a 38), which 
regulates the expression of several genes involved in starvation survival. Expression 
of the rpoS gene is stimulated by the presence of a factor in conditioned medium 
(Baca-DeLancey et al., 1999). Although, this factor has not been identified and there 
is, as yet, no definitive evidence of endogenous Alt production in F. coil (Withers et 
al., 2001), it has been suggested that a HSL derivative maybe the factor responsible 
for the regulation of rpoS expression (Anand and Griffiths, 2003). 
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Current research suggest that E. coli employs at least two LuxS-dependent QS 
systems, one of which operates at intermediate cell densities, but the structure of the 
LuxS-synthesised signalling molecules that regulate these QS systems have not yet 
been elucidated (Baca-DeLancey et al., 1999). Equally the genes regulated by these 
QS systems have not yet been identified. 
2.1.7.1 QS and pathogenicity 
El-LEC colonises the large intestine, where it causes AE lesions on intestinal epithelial 
cells and produces the potent Stx. As previously stated the genes that are involved in 
the formation of the AE lesion are on the LEE pathogenicity island which encodes a 
type III secretion system, the intestinal colonisation factor, and the intimin receptor 
protein that is translocated from the bacterium to the host epithelial cells (1.2.3.3.1; 
Frankel etal., 1998; Donnenberg and Whittam, 2001). 
The synthesis of both AI-2 and AI-3 depends on LuxS, therefore EFLEC may 
potentially produce both of these AIs. Although the role of AI-2 signalling in EFLEC 
remains to be established, research suggests that several EHEC virulence-associated 
genes, including the LEE genes, the stx genes and the flagellum regulon (assembly of 
flagella, motility and chemotaxis) are regulated by AI-3 mediated QS (Sperandio et 
al., 2003; Kaper and Sperandio, 2005; 2.1.8.2). As previously stated, EHEC require a 
markedly low infectious dose which would appear inconsistent with the density 
dependent regulation of these genes (1.2.3.3.1; Tilden et al., 1996; Sperandio et al., 
1999; Sperandio a al., 2002). This observation has led to the proposal that intestinal 
colonisation by EHEC and LEE gene expression is induced by an Al produced from 
non-pathogenic E. coli and other commensal intestinal microflora that possess a !uxS 
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homologue (Sperandio el al., 1999; Gruenheid and Finlay, 2000; Anand and Griffiths, 
2003). 
2.1.7.2 QS and motility 
Recent research has indicated that E. coli cells in nutrient-depleted environments 
produce chemoattractants, such as amino acids, that can result in the accumulation of 
cells, depending upon the geometry of their surroundings (Park a al., 2003). Park et 
al. (2003) noted that assuming a sufficiently enclosed space is provided, then this 
chemotaxis-mediated self-attraction could readily produce local cell densities that 
exceed the threshold required for QS. This research also indicated that further 
association of E. coli via the formation of dense granular aggregates may be LuxS-
dependent, suggesting a potential role for QS in E. coli bioflim formation (Park et al., 
2003). Additional studies have also suggested that transcription of the mot operon 
(encoding motility genes), and flhDC (encoding the master regulator of the flagellum 
regulon) which also regulates bacterial cell division and several metabolic processes, 
are controlled by a LuxS-dependent QS mechanism (Surrette and Bassler, 1998; 
Sperandio a al., 2001; Sperandio et al., 2002; Sperandio et al., 2003; Taga and 
Bassler, 2003). 
2.1.7.3 EHEC-host communication 
Sperandio a al. (2003) demonstrated that in addition to sensing AI-3 when activating 
its virulence genes, EHEC also senses the hormones epinephrinelnorepinephrine, 
which are both produced by the host and are present in the GI tract. These results 
indicate that cross-communication may occur between the EHEC LuxS-dependent QS 
system and the epinephrine/norepinephrine host signalling system. According to 
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Kaper and Sperandio (2005), this sensing of multiple signals of both bacterial and 
host origin, by sensor kinases in the membrane of EHEC, would allow the fine tuning 
of EFIEC gene expression enabling the different genes sets (the LEE genes and the 
flagellum regulon) to be expressed at slightly different times. 
The results from these research studies, suggests that the LEE genes and the flagellum 
regulon are activated by a complex regulatory cascade, the A!-
3/epinephrine/norepinephrine cross-signalling mechanism, and that this bacterial-host 
signalling mechanism may also be present in several other bacterial species 
(Sperandio a al., 1999; Sperandio a al., 2001; Sperandio a al., 2003; Kaper and 
Sperandio, 2005; Walters and Sperandio, 2006). 
Theories pertaining to QS by pathogenic E. coli are abundant, ranging from the 
economics of virulence gene expression to pathogenesis regulation enabling 
coordinated stealth attacks and the overwhelming deployment of virulence factors 
(Parsek and Greenberg, 2000). Evidence in support of this theory is mounting, with 
numerous studies indicating that EFIEC, more specifically E. coli 0157:H7, uses QS 
to control biofllm formation, intestinal colonisation and virulence by influencing the 
transcription of genes in the LEE pathogenicity island (i . e. AR lesion formation and 
Stx production), the mat operon (flagellum assembly, motility and chemotaxis), and 
potentially the ftsQAZ gene cluster (cell division) (Sitnikov a al., 1996; Surrette and 
Bassler, 1998; Sperandio et al., 2001; Sperandio a al., 2002; Park et al., 2003; 
Sperandio a al., 2003; Taga and Bassler, 2003; Kaper and Sperandio, 2005). 
However, the role of QS in non-pathogenic E. coli, beyond enhancing Al levels for 
pathogenic E. co!i detection, is less clear, but may for example enable population 
density regulation (Sitnikov a al., 1996). 
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2.1.8 Aim of the research 
Current estimates suggest that approximately two-thirds of the 4,400 or so E. coil K12 
genes have been identified, genetically and physically (Schaechter et al., 2004). 
According to Schaechter et al. (2004), many of the remaining unidentified genes may 
be linked to survival in changeable natural environments, such as river water, soil, 
dung heaps, foods and healthy and diseased hosts. Although QS is emerging as an 
integral component of bacterial global gene regulatory networks, responsible for 
facilitating bacterial adaptation to environmental stress, the full extent of QS in E. coil 
and the role of QS in commensal strains is still unclear. The isolation and 
identification of Al molecules produced by E. coii and the study of the QS systems 
they regulate, is required to elucidate how bacteria cope with environmental changes 
by using intercellular interactions and thus further the understanding in this field 
(Withers et ai., 2001). 
Despite being one of the most studied bacterial species, there is a general under-
appreciation of the significant genetic differences amongst different E. coii strains. 
These differences determine whether the strains are commensal or pathogenic and 
what site of infection they will favour (Russo and Johnson, 2003). 
Therefore, due to the extreme differences between E. coii strains, the work in this 
study employed several E. coii laboratory strains and two different types of clinical E. 
coil isolates. The primary isolate used in this study, UL5I, has been used in several 
pilot studies at the University of Central Lancashire, Preston UK (unpublished data), 
which have all suggested that this isolate is positive for putative AFIL production. 
The aim of this research is to assess putative AHL production by both clinical and 
laboratory isolates of E. coil. Three bioassay reporter strains were exposed to extracts 
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of isolate-conditioned medium, enabling screening for both short and medium-long 
chain AHLs. 
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2.2 METHODS 
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2.2.1 Reagents 
All chemicals were purchased from Sigma-Aldrich Company Ltd (Poole, Dorset, UK) 
or VWR International (Lutterworth, Leicestershire, UK) unless otherwise stated. 
2.2.2 Bacterial strains/isolates 
The bacterial strains/isolates used in this study are described in the following tables 
(2.2.1, 2.2.2, 2.2.3 and 2.2.4). Unless otherwise stated all strains/isolates used in this 
study were freeze dried and stored at 4°C as part of the University of Central 
Lancashire culture collection. Each culture in the collection is assigned a unique 
identification code with the designation UL (for University of Central Lancashire) or 
LP (for Lancashire olytechnic) followed by the next sequential number. 
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2.2.3 Culture conditions 
A. tumefaciens strains UL32, UL33 and UL34 (Table 2.2.1) were grown at 25°C, 
(agitated at 180 rpm in a Gallenkamp orbital incubator) in 9 ml aliquots ofntibiotic 
rninimal medium (ABMM) (Appendix 1, Table A1.2) (Chilton et al., 1974; Cha et al., 
1998; Luo et al., 2003). The reporter strain, UL34, required the addition of gentamicin 
(5 jig/mI) to prevent plasmid loss. Both UL32 and UL33 were stored on ABMIM 
slopes at 4°C. Strain UL34 was stored on ABMM slopes containing gentamicin (5 
ILWml) at 4°C. All strains were renewed every 28 days and resuscitated via a single 16 
h passage in the appropriate conditions as stated above. 
A. tutnefaciens strains UL224 and UL225 (Table 2.2.1) were grown at 25°C (agitated 
at 180 rpm) in 1 ml aliquots of A. Luinefaciens maintenance medium (ATMIM) 
(Appendix 1, Table A1.3) (Fuqua and Winans, 1994). Strain UL225 required the 
addition of gentamicin and spectinomycin (both at 100 jig/mI) and tetracycline (2 
jig/mI). Strain UL224 required tetracycline (1 .tg/ml) and spectinomycin (100 jig/mI) 
to prevent plasmid loss (Zhu et al., 1998; Zhu et al., 2003). Both UL224 and UL225 
were stored on ATMM slopes containing the appropriate antibiotics for each strain at 
4°C and refreshed every 28 days. Resuscitation of both strains consisted of one 16 h 
passage in the appropriate conditions as stated above. 
The C. violaceum reporter stain, LP4I, (Table 2.2.4) was grown at 30°C, and agitated 
at 180 rpm in 9 ml aliquots of nutrient broth (Oxoid), with the addition of kanamycin 
(to a final concentration of 50 jig/mI). LP4I stocks were stored in 1 ml volumes of 
nutrient broth containing glycerol (20 % v/v) at -80°C. Resuscitation consisted of a 
single 16 h passage in the growth conditions stated above. 
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All E. coli laboratory strains (Table 2.2.2) and blood isolates (Table 2.2.3) used in this 
study were freeze dried and stored at 4°C as part of the University of Central 
Lancashire culture collection. The E. coli urine isolates used in this study were all 
isolated in the Blackburn Royal Infirmary and assigned a unique identification code 
with the designation BRI (Blackburn Royal Jnfirmary) followed by the next sequential 
number. All F. coli isolates were stored in 1 ml amended-MOPS (A-MOPS) growth 
medium (Appendix 1, Table A4) containing glycerol (20 % v/v) at -80°C. 
Resuscitation for all F. coli strains consisted of a single 6 h passage in A-MOPS 
growth medium (9 ml). 
F. coli strains were grown at 37°C in 50 ml aliquots of A-MOPS growth medium with 
shaking (180 rpm) for 24 h. Culture supernatants were prepared, by centrifuging 
culture samples at 6000 x g, 4°C for 15 mm (MISTRAL 3000i). The supernatant was 
stored at -80°C for future extraction. 
2.2.4 Extraction methods 
QS signalling molecules are readily extracted using organic solvents which can then 
be removed by evaporation. Two extraction techniques using two different solvents 
were employed during this study. 
2.2.4.1 Ethyl acetate extraction 
Ethyl acetate can be used to efficiently extract QS molecules from culture 
supernatants (Pearson et al., 1994; Shaw et al., 1997; Pierson et al., 1998; Holden et 
al., 1999; Marketon and Gonzalez, 2002). Supernatant samples were mixed using a 
Blood Tube Rotator, (SBI, Jencons [Scientific] Ltd., Bedfordshire), with an equal 
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volume of ethyl acetate (FIPLC grade) for 20 mm. After a 5 min settling period, the 
top phase was transferred to a concentrating tube whilst the remaining bottom phase 
was again mixed for 20 min with an equal volume of ethyl acetate using the Blood 
Tube Rotator. Following a second s min settling period, the top phase was again 
transferred to the concentrating tube. The combined ethyl acetate fractions were 
concentrated by evaporating the ethyl acetate under nitrogen (oxygen free), aided by a 
Techne Dri-block® sample concentrator at 40°C, to produce a dried extract which 
was then resolubilised (5 x concentrated) with ethyl acetate (HPLC grade, for thin 
layer chromatography (TLC)) or ddH20 (for bioassays), filter sterilised (0.2 gm) and 
stored at 4°C. 
2.2.4.2 Dichloromethane extraction 
The organic solvent dichloromethane has been used to extract QS molecules from 
culture supernatants (McClean et al. 1997; Yates et al., 2002; Llamas et al., 2004). 
This method was adapted for this study. Supernatant samples were mixed using a test 
tube rotator, (SB!, Jencons [Scientific] Ltd., Bedfordshire), with an equal volume of 
dichloromethane (HPLC grade) for 20 mm. After a 5 min settling period the bottom 
phase was transferred to a concentrating tube whilst the remaining top phase was 
again mixed with an equal volume of dichloromethane and mixed for a further 20 
mm. Following a second 5 min settling period, the bottom phase was transferred to 
the concentrating tube. The combined dichloromethane fractions were then 
concentrated under nitrogen (oxygen free) in a Techne Dri-block® sample 
concentrator at 40°C. 
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The extract from the first tube was then resolubilised (5 x concentrated) with ddH20 
(for the bioassay) or ethyl acetate (FIPLC grade, for TLC) and added to the second 
fraction. This was then filter sterilised and stored at 4°C. 
2.2.5 French press 
Following centrifugation (MISTRAL 3000i, 6000 x g, 4°C, 15 mm), cell pellets were 
re-suspended (5 x concentrated) in fresh sterile culture medium and then passed 
through a pre-chilled (12 h at 4°C) French Press (Ammnco, Silver Spring, Maryland) at 
150 Pascal. The broken cell samples were then centrifuged (MISTRAL 3000i, at 
6000 x g, 4°C, 15 mm) to remove the debris and the pellet was discarded. The 
supematant (the pressed conditioned medium) was then extracted with ethyl acetate as 
in 2.2.5.1 and rehydrated with ddH20 (for the bioassay), filter sterilised and stored at 
4°C. This method for the preparation of bacterial cell extracts was adapted from Yates 
a al. (2002). 
2.2.6 Bioassays 
Three different bioassay reporter strains were employed for this study. 
2.2.6.1 Chromobacterium plate bioassay 
C. violaceuin is a Gram-negative, non-sporing, rod or coccobacillus shaped bacterium, 
which normally produces the purple compound violacein in response to the presence 
of N-hexanoyl homoserine lactone, (FIHL) (McClean a al., 1997). C. violacewn 
CV026, is a mini-T5 mutant of C. violaceum ATCC 31532 (Latifi a al., 1995; Throup 
a al., 1995; Winson a al., 1995). This white mutant does not produce HFIL so 
violacein synthesis only occurs in the presence of exogeneous HFIL and other short- 
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chain AHLs (Figure 2.2.1; Throup et al., 1995; McClean etal., 1997). Therefore, this 
strain can be used as an indicator organism in a plate bioassay to detect a structurally 
diverse series of natural and synthetic short chain AHLs, (Figure 2.2.1; McClean et 
al., 1997). This reporter strain was LP41 from the University Culture Collection. 
Figure 2.2.1: Chromobacterium plate bioassay for the positive and negative 
controls 
The diffuse purple zone surrounding the FUlL positive control (marked as +) indicates 
violacein production, whereas the absence of a visible zone for the negative control 
(marked as -) suggests that this extract does not contain any compounds capable of 
inducing violacein production by the Chromobacterium plate bioassay reporter strain 
LP4 1. 
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2.2.6.1.1 Chromobacterium plate bioassay growth conditions 
The Chromobacterium plate bioassay used in this study was adapted from McClean et 
al. (1997).The presence of a putative Al-IL in the extracts produced from the E. coli 
culture supernatants (2.2.4) was assessed via violacein synthesis by the reporter strain 
LP41. Pre-dried nutrient agar plates were spread with 100 d of LP41 stationary phase 
culture. Aliquots of sample culture supernatant extracts (5 Al) were then applied to the 
plates (maximum of 3 unknown extracts per plate). FifTh was used as a positive 
control with aliquots spotted onto each plate before incubation at 30°C, for 16 h. A 
diffuse purple zone spreading out from the sample indicated a positive reaction and 
therefore the possible presence of a putative Al in the sample. 
2.2.6.2 Agrobacterium plate bioassay 
A. tumnefaciens is a Gram-negative, capsulated, motile, rod shaped bacterium with an 
optimum growth temperature of 25-28°C and it induces crown gall tumours in a wide 
range of dicotyledonous plants (Singleton and Sainsbury, 1999). A. tumefaciens 
NT1(pTiC58iaccR), designated 1JL33, contains a trd Ti plasmid. This strain 
synthesises the Agrobacterium Al, OOHL, and therefore was the positive control for 
this bioassay. The negative control strain, UL32, lacks the Ti plasmid and therefore 
cannot produce Al detectable by this bioassay (Watson et al., 1975). The reporter 
strain NTL4(pZLR4) is a clone, that contains inserts from pTiC58, that encode for 
traR, and a traG::lacZ fusion which confers resistance to gentamicin (30 jig/mI) and 
carbenicillin (100 jig/mI) (Piper et al., 1993; Farrand et al., 1996; Piper et al., 1999; 
Luo et al., 2001; Luo et al., 2003). As this reporter strain, designated UL34, was 
incapable of synthesising the Agrobacterum AHL Al, OOFIL, the lacZ fusion was 
only expressed in the presence of exogenous medium-long chain Al (Farrand, 1998; 
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Luo et al., 2003). The j3-galactosidase activity of the lacZ reporter fusion was detected 
by the incorporation of 5'-bromo4-chloro-3-indoyl-3-D-galactopyranoside (X-GAL) 
in an overlay containing UL34 (Cha etal., 1998; Farrand, 1998; Luo et al., 2003). 
2.2.6.2.1 Agrobacterium plate bioassay growth conditions 
The presence of putative Al-IL in the extracts produced from the E. co!i culture 
supernatants (2.2.4) was determined on plates containing X-GAL via differences in 
lacZ gene expression. ABMM base plates containing X-GAL (40 zglml) were 
prepared and pre-dried. Molten soft agar (5 ml, 0.7 % w/v) containing X-GAL (40 
tg/mI) was inoculated with 0.5 ml culture UL34 (6 h) and mixed carefully to avoid air 
bubble formation. The overlay was then poured over the base plate and allowed to set. 
Aliquots (5 iLl) of the sample culture supernatant extract, A. tumefaciens U1L32 
(negative control) extract and the A. tumefaciens UL33 (positive control) extract were 
applied to the plate, which was then incubated in the dark at 25°C for 16 h. A diffuse 
blue/green zone spreading out from the sample indicated a positive reaction and 
therefore the possible presence of putative Al-IL in the sample (Figure 2.2.2). 
Duplicate plates, excluding the reporter strain were produced to ensure that any X-
GAL cleavage observed on the reporter plates was due to the induction of the !acZ 
fusion rather than any 3-galactosidase produced and secreted by the E. co!i isolates 
(Cha etal., 1998; Farrand, 1998; Luo etal., 2003). 
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Figure 2.2.2: Agrobacterium plate bioassay for the A. tumefaciens positive control 
UL33 and the A. tumefaciens negative control UL32 extracts 
The diffuse blue/green zone surrounding the A. tumefaciens positive control, 11L33 
supernatant extract (marked as +) indicates a positive reaction whereas the lack of a 
visible zone surrounding the A. tumefaciens negative control, U1L32 supernatant 
extract (marked as -), suggests that the extract does not contain any compounds 
capable of inducing 3-galactosidase activity in the Agrobacterium plate bioassay 
reporter strain. 
2.2.6.3 Agrobacterium liquid culture bioassay 
Zhu et al. (2003) adapted the bacteriophage T7 expression system to express TraR in 
A. tumefaciens. Plasmid pJZ384 confers spectinomycin resistance and contains a T7 
promoter traR fusion (Hajdukiewicz et al., 1994; Zhu and Winans, 2001; Zhu et al., 
2003). Plasmid pJZ410 confers gentamicin resistance and contains both the RNA 
polymerase gene of bacteriophage T7 and the c1857 gene of bacteriophage lambda 
Me 
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(labor and Richardson, 1985; Kovach etal., 1995; Zhu etal., 2003). Plasmid pJZ372 
contains a tral-!acZ reporter fusion and confers resistance to tetracycline (Chen and 
Winans, 1991; Fuqua and Winans, 1996; Zhu a al., 2003). These plasmids were 
introduced into the A. zumefaciens strain KYC55, which lacks the Ti plasmid and 
therefore cannot produce detectable AHL AIs, to produce the final reporter strain A. 
tuinefaciens KYC55 (pJZ372); (pJZ384); (pJZ4I0) (Cho a al., 1997: Zhu et al., 
2003). This reporter strain, designated UL225, is reported to be highly sensitive to a 
wide variety of AHLs, from C4-HSL to C18-HSL, some at extremely low 
concentrations and it is therefore ideal for detection of novel AHL mediated cell-to-
cell signalling systems. For the purposes of this study the Agrobacterium liquid 
culture bioassay used, was adapted from Zhu et al. (2003). 
2.2.6.3.1 Agrobacterium liquid culture bioassay growth conditions 
Double strength ATMM (0.25 ml) was inoculated to an optical density of 0.05 (ODc,o 
nm) with a 12 h culture of UL225 in the presence of 0.25 ml sterile extract. Three 
controls per extract were prepared (Appendix 2, Table A2.1), resulting in a set of 4 
samples for each extract. These controls ensured that any differences observed in the 
0D420 nm  measurements, were due to the supernatant extract induction of 13-
galactosidase activity. All samples within a set (the sample supernatant extract and the 
three controls) were processed concurrently and subsequently incubated at 25°C, 
agitated (180 rpm, Gallenkamp orbital incubator) for 24 h. Following the incubation 
period the optical density (ODoo jim) was measured and samples (0.5 ml) were 
centrifuged at 13,000 rpm for 5 min to pellet the cells (MSE Micro Centaur 
microfuge). Samples were then stored at -20°C for later determination of 1-
galactosidase activity via the adapted Miller assay (2.2.6.3.2). 
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2.2.6.3.2 Adapted Miller assay 
The presence of a putative AHL in the extracts was determined through differences in 
-galactosidase activity encoded by lacZ. This activity was determined by a 
colorimetric enzyme assay, adapted from Miller (1992). Each set of samples was 
processed concurrently. To maintain the cell pellet, samples were thawed by 
centrifuging at 13,000 rpm for 15 min in a MSE Micro Centaur microfuge. The 
supernatatant was discarded, and the pellet was thoroughly resuspended in sterile 
distilled water (0.5 ml) and Z buffer (0.5 ml) by vortexing (10 seconds). A control 
was prepared by the addition of 0.5 ml sterile distilled water to 0.5 ml Z-buffer; this 
control also served as the blank for the optical density reading at 420 nm. Cells were 
disrupted by the addition of 2 drops of chloroform and 1 drop of 0.1 % (w/v) sodium 
odecyl sulphate (SDS), and then vortexed for 10 seconds. Samples sets were then 
incubated at 28°C (Haake GID8 waterbath) for 5 mm. The reaction was initiated by 
the consecutive addition of 200 xl of o-nitrohenyl-f3-D-galactoside solution (ONPG) 
(4 mg/mI), to each sample at 10 second intervals. The reaction was stopped, after 
sufficient yellow colour had developed (ideal readings were between 0.3 and 1.2) in 
any of the samples in the set, by the addition of 0.5 ml of 1 M Na2CO3 solution 
(Eastman Kodak Company). Samples were then centrifuged at 13,000 rpm for 5 mm 
to pellet any precipitate/cell debris. The absorbance of the o-nitrophenol produced in 
the supernatant was measured against the blank control at 420 nm. j3-galactosidase 
activity was calculated using the following equation (expressed in Miller units) for 
each set of samples with the control samples providing a background reading for 
comparison to the extract sample (Appendix 2, Table A2.1). 
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1000 x OD42onm 	 = 	 Miller units of 0-galactosidase 
: xV x 
Where 	 I = Reaction time (minutes) 
V = Culture volume (ml) 
To ensure that any results were due to the bacterial conditioning of the growth media, 
samples of sterile medium were extracted (see 2.2.5.1) and assayed with A. 
tumefaciens UL225 (2.2.7.3). 
2.2.7 TLC 
According to Brelles-Mariflo and Bedmar (2001), TLC coupled with a specific 
biosensor assay is an easy and useful technique for monitoring the purity of signalling 
molecules that can also provide preliminary information about the number and 
structure of active compounds present in the bacterial culture supernatants. This 
method of TLC coupled to the Agrobacteriuin plate bioassay reporter strain, UL34, 
was adapted from Shaw et al. (1997). As there is limited control of the development 
environment, with regards to atmospheric saturation, TLC plates are not directly 
comparable. For this reason a vertical moat (10 mm) was cut into a Baker Si. C18 
reverse-phase TLC plate (Mallinckrodt Baker, Inc.), dividing the plate into two equal 
sections-one for the bioassay and one for sample separation that can be developed 
concurrently and which are therefore comparable. The extract was applied with a 
syringe (Hamilton I71ORNR syringe), to each section of the plate in equivalent 
positions resulting in two replica samples, (25 Al for the bioassay side and 50 Al for 
the separation side). The plate was developed in a mixture of methanol and ddH20 
(30:20, vlv), air-dried and then surrounded by molten agar (0.7 % w/v) in a Nunc Bio- 
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assay dish (Intermed, Denmark). Before the agar surround was set, a sterile barrier 
was positioned along the moat. Molten ABMM (1.6 g/100 ml agar) containing 0.15 
ml X-GAL (40 gIml) was inoculated with 50 ml of the UL34 Agrobacterium plate 
bioassay reporter strain (6 h culture) and then poured over the reporter section of the 
TLC plate (Figure 2.2.3). Once the overlay had set, the barrier was carefully removed 
and the lid of the bioassay dish replaced. The plates were incubated at 25°C in the 
dark for 18 h. 
Figure 2.2.3 TLC plate in a Nunc Bio-assay dish with vertical moat, agar 
surround and ARMIM agar overlay The Baker Si. C18 reverse-phase TLC plate is 
held in place in the Nunc bio-assay dish (a) by the agar surround (b). The vertical 
moat (c) cut into the TLC plate, divides the plate into two equal sections that can be 
developed concurrently-one for the bioassay (d) and one for sample separation (e). 
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A diffuse blue/green zone, as observed for the Agrobacterium plate bioassay, 
spreading out from the sample, indicated a positive reaction and therefore the possible 
presence of putative AFIL AIs in that fraction. The distance was measured on the 
bioassay side from the centre of the original sample spot, to the top and bottom of the 
blue/green zone. These measurements were then superimposed onto the other side of 
the plate and the silica gel from the corresponding area was carefully removed from 
the TLC plate and transferred to a sterile universal for further analysis using high 
performance liquid chromatography time of flight-mass spectroscopy (LC/TOF-MS). 
2.2.8 LCITOF-MS 
LC/TOF-MS is a form of high resolution HPLC-mass spectroscopy (LC-MS) that is 
frequently used in the pharmaceutical industry to elucidate structures and to determine 
the purity of a sample (Michelsen and Karlsson, 1999). Electrospray jonisation (ESI) 
is an atmospheric pressure ionisation technique that is often used in biochemical 
analyses to produce ions and is especially useful in producing ions from 
macromolecules, as it overcomes the propensity of these molecules to fragment when 
ionised. In ESI the sample (the analyte) is dissolved in a volatile solvent and passed 
through a charged capillary. This results in the production of an aerosol of highly 
charged droplets from which the neutral solvent is evaporated, forcing the charged 
analyte molecules closer together. Thus, the similarly charged analyte molecules 
become unstable, causing the droplets to explode resulting in the eventual production 
of the lone analyte ion. As with most ionisation methods, ESI can produce both 
positively and negatively charged ions. In the positive ionisation mode, samples (M) 
with molecular masses up to approximately 1200 Da give rise to singly charged 
(protonated) molecular-related ions of the formula (M + H)t 
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TOF analysers separate the ions formed via ESI, according to their mass/charge ratios. 
TOF mass spectrometers operate on the principle that when a group of ions of 
differing mass/charge ratios (mlz) are subjected to the same applied electric field and 
allowed to drift in a region of constant electric field, their velocities will depend only 
on their mass/charge ratio. LCITOF-MS analysis was performed at Liverpool John 
Moores University, Liverpool by Nicola Dempster. The active compound was 
desorbed from the TLC plate silica gel samples with a mixture of acetonitrile and 
ddH20 (50:50 v/v, 200 jzl). The ionisation method was ESI, positive mode and 
samples were introduced into the ESI using direct injection at a flow rate of 10 ,tl 
min* The TOF-MS analysis was performed on a Micromass LCT (Micromass, UK) 
and Masslynx software was used for both the operation and data collection. 
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2.3 RESULTS 
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2.3.1 Screening various E. cdi strains and isolates for AHL production 
The initial screen of the E. coli blood isolate culture supernatant extracts and a 
selection of E. coli laboratory isolate culture supernatant extracts (produced with ethyl 
acetate) was performed with both the Chromobacterium and Agrobacteriurn plate 
bioassays. 
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Figure 2.3.1 Chromobacterium plate bioassay for the E. coli clinical isolate UL51 
and the E. coli laboratory strain LP50 extracts 
Purple zones were not observed for the E. coli blood isolate, UL5I, (marked as 51) or 
the E. coli laboratory strain, LP50, (marked as 50) extracts. Purple zones, indicating 
violacein production were observed for the HHL positive control (marked as +) but 
were not observed for the negative control (marked as 
2.3.1.1 Chromobacterium plate bioassay 
Purple zones were not observed for this initial screen (Figure 2.3.1). These results 
indicated that none of the E. coli extracts produced with ethyl acetate (2.2.4.1) from 
the E. coli blood isolates and the E. coli laboratory strain cultures (2.2.3) induced 
violacein production by the Chromobacterium plate assay reporter strain. 
76 
Results Escherichia coil 
	
Sarah J Carmichael 
Figure 2.3.2 Agrobacteriun plate bioassay for the E. coil clinical isolate UL48 and 
the E. coil laboratory strain LP27 extracts 
(a) Blue/green zones spreading out from the initial extract sample for the E. coli blood 
isolate, UL48, extract (marked as 48) and the A. sumefaciens positive control, UL33, 
extract (marked as +) on the reporter plate indicated a positive reaction. Blue/green 
zones were not observed for the E. coli laboratory strain UL27 extract (marked as 27) 
or the A. tumefaciens negative control, UL32, extract (marked as -). (b) Blue/green 
zones were not observed for any of the extracts on the duplicate control plate, 
indicating that the X-GAL cleavage observed on the reporter plate was due to the 
induction of the lacZ fusion rather than any 3-galactosidase produced and secreted by 
the E. coli isolates. 
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2.3.1.2 Agrobacterium plate bioassay 
The initial screen of the ethyl acetate produced extracts with the Agrobacterium plate 
bioassay, indicated that all of the E. coli blood isolate extracts induced I-
galactosidase activity resulting in a blue/green zone surrounding the sample (Figure 
2.3.2a), whereas the extracts from the E. coli laboratory strains did not induce 3-
galactosidase activity. Importantly, extracts of several batches of sterile unconditioned 
A-MOPS growth media did not induce 3-galactosidase activity indicating that the 
positive results obtained for the E. coli blood isolate extracts are due to bacterial 
conditioning of the medium. Additionally, no blue/green zones were observed on the 
duplicate control plates which lacked the reporter strain (Figure 2.3.2b). These results 
indicate that the X-GAL cleavage zones observed on the reporter plates were due to 
the induction of the lacZ fusion of the reporter strain rather than any -galactosidase 
produced and secreted by the E. coli isolates. The E. coil blood isolate UL5I which 
had already been used in several pilot studies at the University of Central Lancashire, 
Preston, UK (unpublished data), was selected for further analysis via TLC. 
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Figure 2.3.3 Analysis of ethyl acetate extracted material derived from various 
bacterial culture supernatants by TLC 
Culture supematants from the E. coli blood isolate, UL5I, and the A. tumefaciens 
positive control were extracted with ethyl acetate. The extracts were then analysed by 
TLC, using a methanol/water (30:20 v/v) development system. Active components 
were visualised with the Agrobacteriutn plate bioassay reporter strain, U1L34. (A) 
Tracks I and 2 are duplicate extracts from the E. coli blood isolate UL51; Track 3 is 
an extract from the positive control, U1L33. (B) Rf values calculated for the active 
components derived from the A. tumefaciens positive control, UL33, extract: a, 0.04; 
b, 0.25; c, 0.51; d, 0.64; e, 0.75;f 0.91. 
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2.3.2 TLC analysis of active extracts 
Once developed on the reverse-phase TLC plate, the ethyl acetate derived culture 
supematant extracts from both the A. zumefaciens positive control, U1L33 and E. coli 
blood isolate, IJL5I, induced j3-galactosidase activity in the A. tumefaciens reporter 
strain, UL34. One diffuse blue/green zone was produced by the extracts derived from 
the E. coli blood isolate, UIL51 culture suggesting that under the growth conditions 
used (2.2.4), the E. coli blood isolate, UL5 1 produced at least one component capable 
of inducing -galactosidase activity in the A. tumefaciens reporter strain, UL34, 
(Figure 2.3.3 A). Several distinct zones were produced by the A. tumefaciens positive 
control, UL33, extract (Figure 2.3.3 B). 
The Retention factor (Rn, is defined as the maximum distance travelled by each 
active component, divided by the distance travelled by the solvent. The Rf was 
calculated for all the UL33 and E. coli UL51 active fractions. The duplicate UL51 
extracts both contained one active component with an Rf value of 0.25 (Figure 2.3.3 
A; spots 1 and 2). The multiple active components produced by the UL33 extract, 
demonstrated a wide range of Rf values, one of which (b) was comparable with the 
UL51 Rf value of 0.25 (Figure 2.3.3 B). 
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2.3.3 LCITOF-MS 
Mass spectroscopic analysis was performed for the TLC separated active components 
from the A. tumefaciens positive control, UL33, and the E. coli blood isolate, UL51, 
ethyl acetate extracts and the following synthetic standards: N-butyryl-L-homoserine 
lactone; hexanoyl-homoserine lactone; octanoyl-homoserine lactone; 5-methyl-4-
hydroxy-3(2H)-furanone. The preliminary spectrum for the E. coli blood isolate UL5 1 
extract (Figure 2.3.4) indicates two substantial peaks, a peak of specific interest at 
203.4955 m/z and one at 301.5091 mlz, a silica artefact from the TLC separation 
technique. However, further analysis of this active fraction has not been possible as it 
was not possible to isolate further samples of the active fraction. 
2.3.4 Reproducibility of the ethyl acetate extraction procedure 
Despite the initial positive results for several of the extracts derived from the E. coli 
blood isolate culture supernatants, subsequent attempts at further replica extractions 
using ethyl acetate failed to isolate any components from the culture supernatants 
capable of inducing 13-galactosidase activity in the Agrobacterium reporter strain, 
1JL34. 
2.3.4.1 Additional extraction method 
As previously stated, the subsequent attempts to isolate fractions by ethyl acetate 
extraction, that induced J3-galactosidase activity in the Agrobacterium plate bioassay, 
were unsuccessful. Thus replica supernatants were also extracted with the alternative 
solvent dichloromethane. These dichloromethane-produced extracts also failed to 
induce 3-galactosidase activity in the Agrobacterium plate bioassay reporter strain, 
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11L34, whereas extracts from the A. tumefaciens positive control, UL33, produced 
with either solvent, induced 13-galactosidase activity. 
2.3.4.2 Effect of cell lysis on the release of an active fraction capable of inducing 
P-galactosidase activity 
Both the organic solvent extraction methods have failed to consistently produce an 
active fraction from the E. ccli blood isolates. One possible reason for this lack of 
reproducibility is that there may be a variation in the release of the active component 
from the bacterial cells into the supernatant. Thus cells from various E. ccli cultures 
were lysed using a French Press. Neither the extracts of the lysed cells nor the extracts 
of the supernatants for the various replica E. ccli cultures induced j3-galactosidase 
activity in the Agrobacterium plate bioassay reporter strain, UL34. 
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2.3.5 Application of the ultrasensitive Agrobacterium liquid culture bioassay 
A. tumefaciens UL225, the reporter strain used for the Agrobacteriutn liquid culture 
bioassay (2.2.6.3), is highly sensitive to a wide variety of Al-IlLs, some at extremely 
low concentrations (Zhu et at., 2003). Therefore this highly sensitive bioassay system 
was used to determine the presence of active components in the ethyl acetate 
produced extracts from the replica E. coli cultures. 
The E. coli blood isolate UL47, U1L48 and UL5 1 extracts and E. coli laboratory isolate 
LP50 and UL52 extracts induced very low levels of 3-galactosidase activity in the 
ultrasensitive A. tuinefaciens reporter strain, UL225 (Figure 2.3.5). The E. coli urine 
isolate, E. coli blood isolate UL49 and E. coli laboratory strain UL27 and UL56 
extracts did not induce j3-galactosidase activity (Figure 2.3.5). Extracts of several 
batches of sterile A-MOPS growth medium, produced with ethyl acetate, induced 
negligible levels of -galactosidase activity (data not presented). As the levels of I-
galactosidase activity induction for all the E. coli isolate extracts tested were below 
the base line of considered importance no further attempts were made to isolate the 
active component. 
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2.4 DISCUSSION 
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2.4.1 Screening various E. coil strains and isolates for AHL production 
Each bioassay reporter strain varies in detection sensitivity to different AFIL acyl 
chain lengths and carbon 3 substitutions. Therefore the use of multiple bioassay 
reporter strains with different sensitivities and specificities is highly recommended 
when screening for novel QS molecules and systems (Shaw et til., 1997). According 
to Cha et al. (1998), the Agrobacterium plate bioassay is superior in both sensitivity 
and specificity when compared with the Chromobacteriutn plate bioassay. However, 
the Agrobacterium plate bioassay is not particularly sensitive to short chain A}ILs 
whereas, the Chromobacterium plate bioassay is (Cha et al., 1998). Therefore these 
two different bioassay strains were used in tandem for the initial screening process. 
2.4.1.1 Chromobacterium plate bioassay 
None of the E. coli culture supernatant extracts tested induced violacein synthesis in 
the C. violaceum reporter strain, LP4I, suggesting that they do not contain any 
exogenous putative short chain Al-Its compatible with this reporter strain. However, 
as LP4I cannot detect any of the 3-hydroxy derivatives and lacks sensitivity to most 
of the 3-oxo derivatives, this result does not exclude the possibility of the presence of 
other types of AHL molecules (McClean et al., 1997). 
2.4.1.2 Agrobacterium plate bioassay 
All of the culture supernatant extracts from the E. coli blood isolates (UL47, UL48, 
UL49 and UL51) induced production of the lacZ fusion product by the A. tumefaciens 
reporter strain, Ut34, suggesting the presence of an exogenous putative Al-IL in these 
extracts. As the extracts of samples taken from several batches of sterile A-MOPS 
medium did not induce 0-galactosidase activity, it is possible to conclude that the 
F:,' 
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positive results for the E. ccli blood isolate extracts are due to the bacterium 
conditioning the growth medium by producing and secreting an active compound. 
Interestingly, none of the culture supernatant extracts from the E. ccli laboratory 
isolates (UL27, LP50, TJL52 and UL56) induced -galactosidase activity, indicating 
that under the culture conditions used in this study, these laboratory E. ccli strains do 
not produce any active components that activate this bioassay reporter strain. Many 
laboratory strains are essentially non-pathogenic and they have been sub-cultured for 
many decades in standardised and idealised laboratory conditions. Fux et al. (2005) 
proposed that the striking differences of in vitro monocultures compared with in vivo 
ecosystems may lead to laboratory adaptation and the possible loss of important 
pathophysiological characteristics within laboratory reference strains. 
It is therefore not surprising that the laboratory strains and the blood isolates differ in 
their active component producing capabilities as it is possible that the laboratory 
isolates have lost the ability to produce the active compound over many successive 
laboratory passages. 
2.4.2 TLC analysis of active extracts 
According to Shaw et al. (1997), the TLC migration of each AHL is dependent upon 
the acyl chain length and carbon 3 substitution. Each active component will have a 
particular Rf value representing a different AHL. Therefore comparing the Rf values 
for the extract derived from the E. ccli blood isolate culture supernatant, UL5 1, 
extract against the A. tumefaciens positive control, UL33, extract values (Figure 2.3.3 
B (b)), suggests that under the particular growth conditions used the two bacterial 
species may be producing the same Al-IL (2.2.4; Figure 2.3.3). However, this is only 
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conjecture and it is not possible to conclude that the active compound is an AHL from 
these results alone, as although these bioassays are specifically designed to detect 
A1-Ths, DKPs have also been shown to activate similar TraR-based bioassays in a 
concentration-dependent manner (Holden a al., 1999). Therefore despite the acyl 
chain length and carbon 3 substitution affecting the Rf value, the Rf value alone is not 
sufficient for structural identification and the active compound must be separated and 
chemically characterised (Holden a al., 1999; Holden et al., 2000). 
2.4.3 LCITOF-MS 
According to Brelles-Mariflo and Bedmar, (2001) mass spectroscopy is a valuable 
technique for the identification of chemical structures of QS signalling molecules in 
that it can detect even picomoles of sample. As previously stated TOF analysers use 
an electric field to accelerate a group of ions of differing mass/charge ratios (m/z). 
When the particles all have the same charge, their kinetic energies are identical and 
their velocities will depend only on their mass/charge ratio. LC/TOF-MS was 
employed for the structural identification of the active compound isolated from the E. 
coli blood isolate, UL5 1, culture supernatant extract. A possible peak of interest was 
identified with a mass/charge ratio of 203.4955 m/z, (Figure 2.3.2). This may pertain 
to the singly charged (protonated) molecular-related ion (M + H)+  of the active 
component isolated from the E. coil blood isolate UL51 culture supernatant extract. 
Therefore as AHL are organic compounds, the odd mass/charge ratio of the 
protonated molecular-related ion suggests that the compound isolated contains an 
even number of nitrogen atoms and therefore it is unlikely to be an AFIL, but could 
possibly be a DKP. However, the failure to isolate further active samples has 
prohibited investigation of this possibility. 
0 
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2.4.4 Reproducibility of the ethyl acetate extraction procedure 
Although all the media constituents and the incubation conditions were kept constant 
throughout this study, two different bottles of ethyl acetate were used for the 
extraction process (both from Sigma, HPLC grade). It is important to note that the 
initial E. coli blood isolate supernatant extracts that induced 3-galactosidase activity 
in the Agrobacteriu,n plate bioassay, were produced with the original bottle of ethyl 
acetate. It is unlikely that these results were due to contamination of that bottle of 
ethyl acetate, as that same bottle of ethyl acetate was used to produce extracts from 
the negative control, A. tumefaciens UL33, and the E. coli laboratory isolates, which 
all failed to induce 3-galactosidase activity in the Agrobacterium plate bioassay. 
However, to ensure that the change in ethyl acetate was not affecting the extraction 
procedure and causing the lack of reproducibility in the results, dichloromethane, 
which has been used by many researchers to isolate QS signalling molecules 
including AHLs and DKPs, was used as an alternative extraction solvent (McClean et 
al. 1997; Holden et al., 1999; Yates et al., 2002). 
None of the dichloromethane or the new ethyl acetate extracted supernatants from any 
of the replica E. coli cultures induced 3-galactosidase activity in the Agrobacteriutn 
plate bioassay reporter strain, U1L34. However, analogous extracts derived from the 
culture supernatants of the A. tumefaciens positive control, UL33, isolated with either 
solvent, induced J3-galactosidase activity in the reporter strain, indicating that the 
inconsistent results and failure to produce additional active AHL-like fractions were 
unlikely to be due to problems with the extraction procedure. 
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2.4.5 Effect of cell lysis on the release of an active fraction capable of inducing i-
galactosidase activity 
As both the organic solvent extraction methods failed to consistently produce an 
active fraction from the E. coli blood isolates, a French press was used to lyse the 
bacterial cells by applied pressure. This allowed both the pressed cells and the spent 
media to be extracted and assessed for activity (2.2.4.1; 2.2.6.2). This method was 
adapted from Yates et al. (2002) who used it to disrupt P. aeruginosa cells when 
preparing cell extracts to research lactonolysis of AFILs. Both the extracts for the 
pressed cells and the spent media from the replica E. coli cultures, failed to induce 0-
galactosidase activity in the Agrobacterium plate bioassay reporter strain, 11L34, 
demonstrating that the putative signalling molecule was not being discarded with the 
bacterial cell pellet prior to solvent extraction. Thus, this eliminated the possibility, 
that the lack of reproducibility was a result of variation in the release of the active 
component from the bacterial cells. 
2.4.6 Agrobacterium liquid culture bioassay 
According to Zhu et al. (2003), UL225 is highly sensitive to a wide variety of Al-ILs, 
some at extremely low concentrations and it is therefore ideal for the detection of 
novel AFIL mediated cell-cell signalling systems. Due to this sensitivity, the very 
low/negligible levels of -galactosidase activity induced by some of the E. coli 
supernatant extracts, indicate that very low/negligible levels of the active compound 
are being produced by these isolates. 
Although the initial Agrobacterium plate bioassay results for the E. coli blood isolate 
culture supernatant extracts indicated the presence of an active component within the 
derived extracts, several bioassays, of various sensitivities for a wide range of AFILs, 
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have not detected this active component in the extracts produced from subsequent 
cultures. These results suggest that under the stated conditions this active component 
is no longer being produced by these blood isolates. 
As previously mentioned the sub-culture of bacteria in standardised and idealised 
laboratory conditions may lead to laboratory adaptation and possibly the loss of 
important pathophysiological characteristics (Fux et al., 2005). It is therefore possible 
that the loss of active molecule production by the Li coli blood isolates may be due to 
laboratory conditioning (2.4.1.2). 
To test this theory new clinical E. coli isolates were obtained. However, in the time 
span of this study the only new clinical E. coli isolates available were urine isolates 
and therefore were not directly comparable with the E. coli blood isolates previously 
examined. None of the new clinical E. coli isolate extracts were able to induce 
violacein production in the Chromobacterium plate bioassay or 3-galactosidase 
activity in the two A. zumefaciens bioassays. As previously stated, the UPEC CFI'073 
genome is particularly rich in genes that encode potential fimbrial adhesins, 
autotransporters and iron-sequestration systems (Welch et al., 2002). It is therefore 
potentially very different to that of SEPEC. Thus the negative results for the F. coil 
urine isolate extracts do not indicate whether the original E. coli blood isolates used in 
this study have lost the ability to produce the active compound. However, they do 
demonstrate that these particular UPEC isolates cannot produce any components 
capable of inducing violacein production in the Chromobacterium plate bioassay or 
galactosidase activity as detected by the two A. tumefaciens bioassays used. 
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2.4.7 Discussion summary 
• Extracts derived from all of the E. coli culture supernatants tested, were unable to 
induce violacein synthesis in the reporter strain, LP41, suggesting that they do not 
contain any exogenous putative AHL compatible with this reporter strain. 
• Initial results from the Agrobacterium plate bioassay indicated that all the extracts 
derived from the E. coli blood isolate (UL47, UL48, UL49 and UL51) culture 
supernatants induced J3-galactosidase activity, suggesting the presence of an active 
component in these extracts. 
• Extracts derived from the E. coli laboratory isolate culture supernatants were 
unable to induce 0-galactosidase activity, indicating that under the culture 
conditions used in this study, these laboratory E. coli strains do not produce any 
molecules that activate the Agrobacterium plate bioassay reporter strain. 
TLC analysis indicated that theE. coli blood isolate UL51 was producing one type 
of active compound that could be detected by the A. tumefaciens bioassay plate 
reporter strain, UL34. 
• Rf values from the TLC analyses of the E. coli IJL5I active extract and the 
Agrobacterium plate bioassay positive control, UL33, active extract (Figure 2.3.3 
B (b)) were comparable suggesting that under the conditions used in this study, 
both A. tumefaciens UL33 and E. coli TJL5 1 may be producing the same AHL 
(Figure 2.3.3). 
• Mass spectroscopic analysis of the E. coli UL5 1 active extract produced a possible 
peak of interest with a mass/charge ratio of 203.4955 m/z, (Figure 2.3.4) 
suggesting that the compound isolated contains an even number of nitrogen atoms 
and therefore is unlikely be an AFIL. 
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o Due to reproducibility issues it was not possible to obtain further analysis of this 
active component. 
• Negative results were obtained for the E. coli culture supematant extracts 
produced with the new batch of ethyl acetate and the alternative solvent, 
dichioromethane. It is therefore unlikely that the reproducibility problems were 
linked to the use of a new batch of ethyl acetate. 
• A French press was used to lyse the E. coli cultures, releasing the cells' contents. 
Extracts derived from the lysed cells and the spent culture media, failed to induce 
-galactosidase activity in the Agrobacterium plate bioassay reporter strain, U1L34. 
It is therefore unlikely that the lack of reproducibility was a result of variation in 
the release of the active compound from the bacterial cells. 
The negligible levels of j3-galactosidase activity induction detected by the highly 
sensitive Agrobacterium liquid culture bioassay for all the E. coli isolate derived 
extracts, indicated that under the stated culture conditions none of the E. coli 
laboratory, blood or urine isolates were producing any active components. 
• These results indicate that the E. coli blood isolates may have adapted to the 
laboratory conditions and lost the ability to produce the active compound detected 
in the previous pilot studies and the initial preliminary screen of this study 
(unpublished data; 2.4.1.2). 
Due to the aforementioned problems encountered with the E. coli isolates and to 
maintain the focus on foodborne pathogens the rest of this study will concentrate on 
putative signalling molecule production by C. jejuni. 
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3.1 INTRODUCTION 
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3.1.1 Morphology and metabolism 
Campylobacter jejuni from the delta-epsilon group of proteobacteria, is a Gram-
negative, non-spore forming, chemoorganotroph that does not oxidise or ferment 
carbohydrates and has a propensity to invade the intestinal mucosa. Cells are typically 
highly motile, slender rods, with comma, S, or "gull-wing" shapes. Their 
characteristic corkscrew-like motion is due to the single polar flagellum (occasionally 
multiple) at one or both cell poles (Franco and Williams, 2001; van Vliet and Ketley, 
2001). 
Members of the genus Campylobacter are strict microaerophiles, exhibiting oxygen 
dependent growth, with oxygen being the final electron acceptor in the respiration 
process. However, they do not tolerate a normal atmospheric oxygen concentration 
(21 % v/v) (Barros-Velázquez et al., 1999). Energy is obtained through the respiratory 
chain, from the metabolism of amino acids, and from the metabolism of intermediates 
of the tricarboxylic acid cycle. Furthermore, thermotolerant microorganisms do not 
produce indole, are oxidase and catalase positive and methyl red and Voges-Proskauer 
negative (Barros-Velázquez et al., 1999). 
Campylobacter spp. are generally considered to be relatively fragile, and sensitive to 
environmental stresses, such as drying, heating, disinfectants and acidic conditions, 
with pH 6-8 being the optimum range for survival. Thermal treatment for more than 
15 min at 60°C or 30 min at 57.5°C destroys these microorganisms (Barros-
Velazquez et al., 1999). Epidemiological studies have indicated that the digestive tract 
of several breeding animals, poultry in particular, represent the natural habitat of this 
organism. The release of the organism into the environment presents it with a series of 
stressful conditions, such as nutrient starvation, osmotic stress and temperature 
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variation, forcing the bacterium into active survival strategies, including entering the 
coccoid, viable but non-culturable (VBNC) state (Korhonen and Martikainen, 1991; 
Mason, et al. 1996; Baffone etal., 2006). 
The pathogenic potential of the coccoid/VBNC state of C. jejuni has yet to be proven. 
Moran and Upton (1986; 1987) concluded that the coccoid/VBNC form of C. jejuni is 
a degenerative form, and yet, other researchers have claimed recovery of the organism 
from the coccoid form by passage through various rodent models. However, this 
recovery has not yet been demonstrated for passage through the digestive tract of 
humans or chicks (Hazeleger et al., 1994). Therefore, the role of this morphological 
change, specifically with regard to pathogenicity, and the possible formation of the 
VBNC state, remains uncertain (Barros-Velázquez etal., 1999). 
3.1.2 Isolation and culture 
The isolation and identification of C. jejuni is primarily reliant upon culture 
characteristics. This thermotolerant microorganism grows well at 42-43°C however, 
growth also occurs at 37°C, but not below 30°C or above 47°C. For isolation of this 
organism from complex samples such as faeces, or raw meat, where a high microbial 
load of other bacteria is probable, 42°C is favoured for its selectivity (Barros-
Velázquez et al., 1999). Incubation of the organisms at 42 °C on selective media, such 
as Skirrow's medium, which contains the antibiotics vancomycin, polymyxin B, and 
trimethoprim at 42°C, can be used to differentiate C. jejuni from other Carnpy!obacter 
spp. that would be isolated at 37°C. Colonies are usually colourless or grey with a 
metallic sheen, and may be watery and spreading or round and convex (Brookes et al., 
2001). 
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Microaerophilic bacteria are unusual in that they require oxygen for growth, yet are 
poisoned by the levels of oxygen present in air. This toxicity is a result of the 
increased sensitivity of microaerophilic bacteria, when compared with oxygen-
dependent bacteria, to toxic forms of oxygen (including superoxide anions and 
peroxide) that form in the culture medium (Hoffman et al., 1979). Complex culture 
media contain various amino acids and flavins which are photosensitive and 'could' 
generate superoxide anions and hydrogen peroxide. The reduction of oxygen during 
autooxidation in the environment generates a variety of toxic oxygen derivatives 
including superoxide anions, hydroxyl radicals, singlet oxygen and hydrogen peroxide 
(Hoffman et al., 1979). Therefore to counteract this toxic effect, media designed for 
the culture of microaerophilic bacteria must contain compounds, such as sodium 
metabisulphite and sodium pyruvate, that are capable of quenching these toxic oxygen 
derivatives. 
Optimal culture conditions for the isolation of C. jejuni from environmental samples 
include a reduced oxygen atmosphere (5 % (v/v) 02), with added carbon dioxide (10 
% (v/v) CO2). This is usually achieved by commercial kits such as the CampyGen 
atmospheric generation system (Oxoid) which provides a selective microaerophilic 
atmosphere introduced into an anaerobic jar system (Barros-Velázquez et al., 1999; 
Nachamkin etal., 2000). 
Bolton Broth (BB, Oxoid) is a liquid medium designed to aid recovery of injured cells 
and to avoid the need for a microaerobic atmosphere via the inclusion of haemin, 
sodium metabisulphite and sodium pyruvate which are known to act as oxygen 
quenchers (Bolton et al., 1984a; Cony et al., 1995; Humphrey, 1990). Therefore, 
when incubated in a small vessel with a reduced headspace, Campy!obacter can be 
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cultured in this medium without the need for a microaerobic atmosphere (Baylis a cii., 
2000). BB also contains sodium carbonate which may prevent acidification and/or 
provide a source of carbon dioxide (Corry et cii., 1995). 
Blood is frequently used as a supplement for Campylobacter media, due to its ability 
to neutralize hydrogen peroxide and quench/detoxify other toxic oxygen products 
(Bolton a cii., 19841,). BB can be used without the inclusion of horse blood, offering 
greater convenience to the user. However, although the oxygen quenching agents 
included in the base medium should counteract the toxic effects of oxygen, it is 
currently unclear whether this is sufficient, or if the omission of blood causes 
problems with oxygen quenching and therefore affects the performance of the 
medium (Baylis et cii., 2000). 
Several enrichment broths specifically designed for the isolation and culture of 
Campyiobacter spp. from foods are now available commercially. As with other 
foodbome pathogens, the isolation of Campylobacter spp. from food can be 
problematic as the pathogen is likely to be present at low levels and accompanied by 
high levels of competitor organisms. Campylobacter enrichment broths and selective 
media usually suppress competing organisms via antibiotic supplements (Baylis et al., 
2000). Unfortunately these antibiotics can also be inhibitory to sub-lethally injured 
cells, which exhibit greater sensitivity to such conditions (Humphrey, 1986; 
Humphrey, 1990). Therefore it is necessary to achieve a compromise between 
selectivity of the medium, via the inhibition of competitor organisms and the recovery 
and growth of the target organism, for example via a pit-enrichment at 37°C prior to 
the addition of the antibiotic supplements (Humphrey, 1986; Humphrey, 1990). For 
example, when using BB to isolate Campylobacter spp. from environmental samples 
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it is advisable to use the antibiotic selective supplement designed to complement this 
media which contains cefoperazone, vancomycin, trimethoprim and cycloheximide. 
However, when using pure C. jejuni cultures the addition of the antibiotic selective 
supplement is not required. 
3.1.3 History 
In 1886 Theodor Escherich published a series of papers in the Munchener Medizinishe 
Wochenschrzft describing a spiral bacterium that he had observed in the colons of 
children that had died from 'cholera infantum' and in stool samples from several 
infants suffering from enteric disease. Unfortunately these articles, published in 
German, remained unrecognised for many decades until Kist reported Escherich's 
findings at the Third international Campylobacter Workshop in Ottawa in 1985 (Kist, 
1985). According to Kist, Escherich was unable to culture this organism on solid agar 
and so concluded that the bacterium played no aetiological role and its presence was 
prognostic rather than causative (Kist, 1985). Despite being well-documented as an 
animal pathogen and this early work by Escherich and several other German 
researchers, Campylobacter was not recognised as a human pathogen for many 
decades. 
Originally classified as a Vibrio, Campylobacter was only initially associated with 
human disease when it was isolated from blood samples of children with diarrhoea, by 
King (1957), who referred to it as a 'related vibrio' distinguishing it from the classical 
Vibrios by its higher optimum growth temperature of 42°C. In 1963, Sebald and 
Véron, proposed the removal of King's 'related vibrios' from the Vibrio genus and the 
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introduction of a new genus, Campylobacter, from the Greek campylo (curve-shaped) 
and bader (rod) (Sebald and Véron, 1963; Véron and Chatelain, 1973). 
However, it was the isolation of Campylobacters from faeces by Dekeyser and 
Butzler's research groups (Dekeyser et al., 1972; Butzler a al., 1973) and the 
subsequent development of a selective medium by Skirrow (1977), that led to routine 
stool sample testing in laboratories and the first full account of Campylobacter 
enteritis in humans (Butzler and Skirrow, 1979). By the late 1980s, Campylobacter 
was established as a common human pathogen and is now considered a leading cause 
of bacterial gastroenteritis. 
3.1.4 Pathogenesis/virulence factors 
The mechanism of pathogenesis employed by C. jejuni, including the induction of 
diarrhoea, is as yet undetermined (Park, 2005). Numerous studies have resulted in 
conflicting data and theories, indicating that pathogenesis is multifactorial and that 
many pathogenic mechanisms may yet remain unidentified. Potential virulence 
properties that have been identified include cell attachment and colonisation, 
invasiveness, motility and toxin production (Wassenaar, 1997). 
Motility is required to enable the bacterium to reach the attachment sites and for 
subsequent penetration into intestinal cells. The combination of the polar flagellum 
and 'cork-screw' cell shape (see 3.1.1) are thought to confer an unusually high level 
of motility in viscous environments such as the mucus that overlays the intestinal 
epithelium (Ketley, 1997). 
Adhesion of the bacterial cell to the epithelial surface may be an important but not 
crucial determinant for colonization and may enable the accumulation of secreted 
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bacterial products (Ketley, 1997; Wassenaar, 1997). Following adhesion, a sub-
population of C. jejuni invades the epithelial cells, leading to mucosal damage and 
inflammation, characteristic of Cainpylobacter infection (van Vliet and Ketley, 2001). 
However, the roles of these virulence properties in human disease, and the importance 
of strain variation and host factors such as immune status, are still enigmatic (Ketley, 
1997). 
There have been numerous studies of toxin production by C. jejuni, which have 
reported the production of several toxins, including a cytolethal distending toxin 
(CDT), a cholera toxin-like enterotoxin (CTLT) and a number of cytotoxins. 
Although their role in human disease remains uncertain, current belief is that CTLT 
may contribute to watery diarrhoea and cytotoxins to inflammatory diarrhoea (Ketley, 
1997; Wassenaar, 1997). 
Despite numerous reports concluding that at least some C. jejuni strains can produce 
enterotoxic activity, the variation in methods employed and the strains used in the 
studies make any generalisations from them unreliable (Wassenaar, 1997). Current C. 
jejuni toxin research is focused on an exotoxin that is a member of the CDT family of 
toxins which affect the epithelial cell layer (Johnson and Loir, 1988; Parkhill et al., 
2000; Pickett and Lee, 2005). CDT is encoded by three adjacent genes, termed cdtA, 
cdtB and cd:C and appears to be toxic to many cell lines including HeLa, Chinese 
hamster ovary and Vero cells causing them to slowly distend and die (Pickett et al., 
1996; Pickett and Lee, 2005). However, the lack of animal models that reliably mimic 
C. jejuni diarrhoeal disease has impeded research into possible roles for CDT in 
human disease (Pickett and Lee, 2005). Only the gene homologous to the cdi gene 
was found in the C. jejuni NCTC 11168 genome sequence and therefore great debate 
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remains with regard to the existence of a C. jejuni CTLT in other C. jejuni strains 
(Parkhill et al., 2000 and Pickett, 2000). 
3.1.5 Infection 
Cainpylobacter is the primary source of sporadic bacterial gastroenteritis in the 
majority of the developed world, including the UK and the Republic of Ireland, with 
an estimated 2-3 million Campylobac:er-related illnesses per year in the United States 
alone (Miller and Mandrell, 2005). Large outbreaks are generally considered rare, 
however, as clinical isolates of Cainpylobacter are not usually identified beyond 
genus level or serotyped it is therefore possible that many outbreaks go undetected 
(Pearson and Healing, 1992). Of those that are identified, approximately 90 % are 
associated with C. jejuni (Pearson and Healing, 1992; Tam et al., 2003). 
The majority of outbreaks that are detected are small and confined to one family. In 
most cases, the suspect food/vehicle will have been consumed in its entirety, and there 
is often little opportunity to establish microbiologically the source of infection and the 
route of transmission (Pearson and Healing, 1992). Untreated surface water and raw 
(unpasteurised) milk have previously been identified as common causes of outbreaks 
involving members of more than one family, as with the large outbreak at the 
Glastonbury Music Festival in 1992, which yielded 72 laboratory confirmed 
Campylobacter cases. The source of which was identified as the consumption of raw 
milk purchased from a local farmer (Anonymous, 1992). 
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3.1.5.1 Seasonality 
Campylobacter infections in humans in temperate countries follow a striking seasonal 
pattern (Nylen a al., 2002). Countries with milder winters have been shown to have 
peaks of infection early in the year, with the time of the peak being weakly associated 
with high temperatures 3 months previously (Kovats a al., 2005). This suggests that 
climate may be a contributory factor to Campylobacter transmission, linking the 
seasonal increase with environmental factors as opposed to a food source. However, 
the main determinant of seasonality in Campylobacter infection levels and the main 
source of human infection remains to be identified (Louis et cii., 2005). It is important 
to note that the aforementioned studies all considered Cainpylobacter infection at the 
species level. The application of advanced genotyping methods (see 3.1.6) to 
seasonality studies may enable the identification of separate seasonal profiles with 
individual infection peaks for specific clonal complexes and therefore indicate 
potential infection sources. 
3.1.5.2 Reservoirs and potential infection sources 
Direct person-to-person transmission of C. jejuni infection between adults appears to 
be uncommon, although this is dependent upon the personal hygiene of individual 
parties (Pearson and Healing, 1992; Ekdahl a al., 2005). Due to its uniquely 
fastidious growth requirements Campylobacter does not easily grow on food, but the 
critical infective dose of Campylobacter appears to be low, with doses as low as 500 
bacteria resulting in human infection (Skirrow and Blaser, 2000). Many researchers 
speculate that this infective dose may be decreased further by the transmission 
vehicle, for example milk exerting a buffering action and therefore protecting the 
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bacteria from the gastric acid encountered in the human stomach (Skirrow and Blaser, 
2000). 
3.1.5.2.1 Environmental reservoirs 
Campylobacter is regularly isolated from the gastrointestinal tract of birds (especially 
poultry) and cattle. Historically this natural locale has been considered an important 
potential reservoir for human infections and as an entry point into the food chain. For 
this reason, raw or undercooked meat (especially poultry) has often been 
epidemiologically associated with human disease. Thermophilic strains of 
Campylobacier are ubiquitous in the environment. Marine and fresh water, including 
streams, canals, ponds and ornamental lakes are regularly contaminated with animal 
and/or avian faeces from either direct or indirect sources, including agricultural run-
off, sewage effluent and faeces deposition from large wildfowl populations (Jones, 
2001). Other potential sources include unpasteurised milk, 'bird-pecked milk' (on 
doorsteps), untreated water, domestic pets and person-to-person contact if personal 
hygiene is poor (Franco and Williams, 2001; Jacobs-Reitsma, 2000). Although pet 
ownership has also been demonstrated to be a significant risk factor for 
Campylobacter infections in humans, and direct transmission of C. jejuni between 
humans and dogs has been demonstrated, its importance as an infection source 
remains unclear (Wolfs a al., 2001; Damborg a al., 2004). 
Ekdahl a al. (2005), recently proposed that flies play an important role in the 
transmission of Campylobacter, suggesting that they could act as mechanical vectors 
carrying the bacteria on their bodies and glandular hairs on their feet. It was also 
suggested that flies could play a linking role, transmitting Campylobacter from 
introduction: Campylobacterfejuni 	 Sarah J Carmichael 
animals to human food. However, all the evidence so far presented in support of this 
hypothesis, including that of the seasonal summer increase in infection rates, is 
circumstantial and actual experimental investigation is required (Ekdahl et al., 2005). 
3.1.5.2.2 Non-environmental reservoirs 
According to the Public Health Laboratory Service (PHLS), raw (unpasteurised) milk, 
untreated water and undercooked poultry are the most commonly reported sources of 
Cainpylobacter infection (Pearson and Healing, 1992). Approximately 80 % of raw 
chickens sold in the UK in 2001 were found to be contaminated with thennophilic 
Campylobacter spp. and studies have also demonstrated contamination of the outer 
wrapping of chicken purchased from retail outlets (Corry and Atabay, 2001; 
Humphrey et al., 2001). Therefore the preparation of raw chicken may result in the 
widespread dissemination of Campylobacter spp. in the food-preparation environment 
and the contamination of kitchen surfaces (Humphrey et al., 2001; Cogan et al., 
1999). 
Numerous studies have highlighted the potential for cross-contamination in the 
kitchen, originating from raw poultry and transferring to ready-to-eat products via 
hands, food preparation utensils and surfaces (including chopping boards), washing-
up water, sponges, cleaning cloths and even tea-towels (Hilton and Austin, 2000; 
Humphrey et al., 2001; Cogan et al., 2002; Kusumaningrum et al., 2002; 
Kusumaningrum etal., 2003; Mattick et al., 2003a, Mattick etal., 2003b; Cools etal., 
2005). 
Despite being sensitive to desiccation and rendered non-culturable upon exposure to 
air and light, C. jejuni has been shown to persist on contaminated surfaces in the 
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inhospitable kitchen environment (Humphrey et al., 1995; Kusumaningrum et al., 
2003; Cools et al., 2005). Both Kusumaningrum a al. (2003) and Cools a al. (2005) 
have successfully isolated C. jejuni under test conditions from a variety of kitchen 
surfaces (stainless steel, beech wood and polypropylene) demonstrating prolonged C. 
jejuni survival ranging from 2 to 4 hours after the initial contamination. Humphrey et 
al. (1995) not only highlighted the sensitivity of C. jejuni to desiccation but also the 
prolonged viability induced by moisture, such as droplets of horse blood, provided the 
droplets remained liquid. 
However, the survival time of C. jejuni on dry surfaces is dependent upon the initial 
loading/level of contamination and may also be affected by the surface integrity. 
Kusumaningrum a al. (2002), found cells in crevices on stainless steel surfaces and 
demonstrated that the porosity of a surface (for example porous wood compared with 
polypropylene, which is considered to be non-porous) also affected survival (Cools et 
al., 2005). Food residues, whilst slowly drying, may also form a layer protecting the 
C. jejuni cells on the surface, resulting in prolonged survival, and an increased 
potential for cross-contamination and re-infection of food, presenting a considerable 
hazard to the consumer (Cools et al., 2005). 
The average UK washing-up water temperature is 48°C, and as this water often 
contains low levels of detergent and relatively high levels of protective/nutritional 
organic matter, it is conceivable that C. jejuni could survive a typical washing-up 
process (Mattick a al., 2003a). Cogan a al. (2002) demonstrated that detergent-based 
cleaning using a typical bowl-wash routine without rinsing was insufficient to reliably 
and consistently restore cloths, chopping boards and hands to a hygienic state, 
highlighting rinsing as a critical step in achieving hygiene within the kitchen 
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environment. Although the isolation rate appears to be dependent upon high 
contamination levels, work surfaces and even freshly washed plates, may be an 
important vehicle in cross-contamination (Kusumaningrum et al., 2003). 
Considering the potential for Campylobacter spp. survival in the average washing-up 
water, it is of particular concern that frequently throughout Britain, this luke warm, 
dirty water from the end of the washing-up process, is used to clean kitchen counters 
and other surfaces, smearing them with protective/nutritional organic matter 
(Humphrey, 2001). This standard cleaning process, following the preparation of a 
high-risk product, such as chicken, has been shown to have no effect on the 
prevalence of contaminated sites (Humphrey, 2001). However, the use of 
hypochlorite disinfectant in addition to detergent and hot water cleaning may improve 
the cleaning procedure, decreasing the number of bacteria isolated, although this, as 
with all cleaning routines, is dependent upon the rigour of application by the general 
public (Cogan et al., 1999). 
3.1.5.2.3 Potential novel reservoir 
In a recent study Champion et al. (2005), conducted whole-genome analysis of 111 C. 
jejuni variants isolated from diverse animal and environmental sources, and a range of 
disease outcomes and clinical presentations in humans, using a gene-specific C. jejuni 
NCTC 11168 microarray. The data produced enabled the researchers to identify two 
distinct clades: a livestock dade and a 'non-livestock associated dade' (Champion et 
al., 2005). Interestingly the majority of the C. jejuni human isolates were found in the 
non-livestock dade, indicating that most C. jejuni infections maybe from non- 
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livestock (and possibly non-agricultural) sources and the presence of a previously 
unidentified C. jejuni reservoir (Champion et al., 2005). 
Direct microbiological evidence connecting risk factors with disease is scarce and 
contradictory. Therefore the precise contribution of poultry to human infection 
remains unclear (Hudson et al., 1999; Corry and Atabay, 2001). Despite substantial 
research the epidemiology, including the mode of transmission of this significant risk 
to public health, is still poorly understood, with the majority of infections remaining 
unexplained by recognised risk factors (Franco and Williams, 2001). However, with 
the application of more sensitive sampling techniques Campylobacter spp. can be 
recovered at low levels providing a more accurate understanding of the cross-
contamination potential and the infection profile associated with this pathogen. Thus 
research such as that conducted by Bull et cii. (2006), aimed at identifying the sources 
of Campylobacter spp. colonising commercial poultry flocks and potentially the food 
chain, is vital. 
3.1.53 Campylobacter enteritis 
Gastroenteritis is the most common clinical syndrome associated with C. jejuni 
infection of humans (Blasser, 1997; Young and Mansfield, 2005). The typical 
incubation period is 2-5 days, although it has been reported to occasionally extend 
from 1 to 11 days (Young and Mansfield, 2005; www.hpa.org.uk ). It is usually an 
unpleasant but self-limiting disease, characterised by profuse diarrhoea, severe 
cramps/abdominal pain, headache and malaise, with extreme cases developing into 
profuse, grossly bloody diarrhoea and fever. Diarrhoea may be acute, generally lasting 
for 2-3 days with patients typically having 8-10 bowel movements per day at the peak 
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of illness. However, dehydration is usually only a complication in the young or 
elderly (Young and Mansfield, 2005). Many patients suffer from nausea but only 
15 % actually vomit. Other symptoms such as myalgia and fatigue have also been 
reported, as have variations in symptoms from person-to-person, presumably due to 
variations in the immune status of the host, the virulence of the infective organism 
and the challenge dose, all of which will also affect the duration of the illness 
(Skirrow and Blaser, 2000). Resolution of symptoms is usually experienced within a 
week, although recurrence of symptoms, especially of abdominal pain, is possible. 
For individuals with additional underlying immune deficiencies, extended illness is 
particularly common (Young and Mansfield, 2005). 
Due to the self-limiting aspect of Campylobacter enteritis, treatment beyond fluid and 
electrolyte restoration is not usually required. Antimicrobial agents may eliminate the 
Campylobacter from the patient's faeces but does not reduce the duration or severity 
of the symptoms and are therefore only required in extreme cases (Barros-Velázquez 
et al., 1999). Fatalities are rare and usually confined to elderly patients, the 
immunocompromised or those already suffering from another serious disease 
(Skirrow and Blaser, 2000). 
3.1.5.4 Bacteraemia 
Bacteraemia due to C. jejuni is generally considered to be rare. Although it is 
speculated to occur commonly as a transient event in the early stages of infection, 
blood cultures are rarely performed that close to disease onset and therefore the actual 
incidence of C. jejuni bacteraemia is unknown (Wang et al., 1998; Skirrow and 
Blaser, 2000). C. jejuni is susceptible to the bactericidal activity of normal human 
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serum, which may account for the low occurrence of C. jejuni mediated bacteraemia, 
although the poor growth of C. jejuni in blood culture may also partly explain its 
infrequent detection in bacteraemia (Wang a al., 1998; Skirrow and Blaser, 2000). C. 
jejuni bacteraemia has been shown to be a more common manifestation in patients 
over 65 years of age and in individuals that are immunocompromised including 
concurrent HJV infection (Wang a al., 1998; Young and Mansfield, 2005). 
3.1.5.5 Guillain-Barré syndrome (GBS) 
Although Campylobacter spp. may cause severe gastrointestinal infection that may 
last more than a week, they do not usually cause major complications. However, 
reactive arthritis, Reiter's syndrome, abortion in pregnant women, rheumatic 
manifestations, Miller-Fisher syndrome and OBS are all associated complications 
(Barros-Velazquez et al., 1999). 
GBS is considered the most common cause of acute neuromuscular paralysis with a 
relatively uniform yearly incidence of 1-2/100 000 throughout the world (Hughes and 
Cornblath, 2005; Young and Mansfield, 2005). GBS is characterised by temporary 
paralysis due to an immunological attack upon peripheral nerve myelin. Symptoms 
vary from individual to individual, but generally begin with motor and sensory 
disturbance and pain in the lower limbs, progressing to the upper extremities and 
trunk, resulting in acute flaccid paralysis. Onset is usually gradual and paralysis is at 
times extreme with 20-30 % of cases requiring assisted mechanical ventilation 
(Pearson and Healing, 1992). 
GBS is self-limiting, with muscle strength usually reaching a nadir within 2-4 weeks 
and muscle wastage occurring after approximately 2 weeks (Hughes and Cornblath, 
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2005). Following a variable plateau phase, recovery generally occurs over a period of 
several weeks to months. Approximately 20 % are still disabled after one year. Many 
factors affect the speed and extent of recovery. Age is a factor, with children generally 
experiencing a more rapid and complete recovery than the elderly. Another factor is 
the speed of onset. A rapid onset phase and/or the need for artificial ventilation, 
generally precedes a prolonged ineffectual recovery period (Visser et al., 1999; 
Hughes and Cornblath, 2005). 
Although GBS appears to have multiple aetiologies, C. jejuni is generally considered 
to be the primary associated infectious agent, with up to 40 % of cases being linked to 
preceding campylobacteriosis (Yan et al., 2005). Hadden a al. (2001) concluded that 
GBS patients with preceding C. jejuni infections were more likely to suffer more 
severe disease symptoms and a delayed recovery, in comparison with other patients. 
Fortunately only a relatively small proportion of C. jejuni enteritis cases develop 
GBS. However, the severity of disabilities experienced, the long-term recovery, the 
potential for relapse and emotional disturbances, including anxiety, depression and 
post traumatic stress disorder, reflect the severity of this condition (Pearson and 
Healing, 1992). 
The GBS mortality rate varies throughout the world, dependening upon the health 
care provision, but it is generally considered to be 5-8 % (Pearson and Healing, 1992; 
Nachamkin a al., 2000). Mortality is dramatically increased by respiratory failure and 
is mainly due to associated medical complications, with optimal outcomes depending 
on prompt implementation of immunomodulatory therapy (Yavagal and Mayer, 
2002). 
Studies of C. jejuni associated GBS in Japan, Germany, Mexico, South Africa and the 
United States of America have highlighted the over-representation of several heat 
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stable serotypes, primarily HS: 19 and to a lesser extent, HS:41 (Kuroki et cii., 1993; 
Lastovica a al., 1997; Altos a al., 1998; Nachamkin a al., 1998; Fitzgerald a al., 
2005). However, HS: 19 is also known to cause diarrhoea in patients without 
subsequent GBS development indicating that disease occurrence is multifactorial, and 
that host susceptibility, is in addition to strain characteristics, an important factor 
(Nachamkin etal., 2000; Yan etal., 2005). 
3.1.5.6 GBS and pregnancy 
During pregnancy C. jejuni induced bacteraemia and infection of the newborn during 
the birth process or shortly after birth, may be hazardous to the newborn, with 
complications ranging from neonatal bacteraemia to still birth or early neonatal death. 
GBS during pregnancy generally does not affect foetal or infant development and or 
increase the risk of spontaneous abortion or foetal death, although it may induce 
spontaneous delivery during the third trimester in severe cases. It is also important to 
note that the physical impairments induced by GBS may render a new mother 
incapable of caring fully for a newborn infant (Smith, 2002). 
3.1.6 C. jejuni genome 
C. jejuni has a relatively small genome (approximately 1600-1700 kb), when 
compared with that of other enteric pathogens such as Escherichia coli 
(approximately 4500 kb) (Bergthorsson and Ochman, 1998; Parkhill a al., 2000; 
Dobrindt, 2005; Fouts a al., 2005). It has been suggested that the small size of the 
Campy!obacter genome is reflected in their requirement for complex media and their 
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inability to ferment carbohydrates and degrade complex substances (Griffiths and 
Park, 1990; Ketley, 1997). 
Although it has been proposed that large regions of the C. jejuni genome are 
genetically stable, there are some highly divergent genes and high levels of 
intraspecies variability exist (Taboada et al., 2004; Champion et at., 2005). Dingle et 
at. (2001) provided evidence for extensive horizontal genetic exchange, including the 
import of alleles from at least two other Campylobacter species, including C. coli and 
suggesting that C. jejuni has a weakly clonal population structure. Several 
Campylobacter strains contain extrachromosomal elements in the form of conjugative 
plasmids and/or bacteriophages (Taylor, 1992; van Vliet and Ketley, 2001). 
3.1.6.1 C. jejuni NCTC 11168 
C. jejuni NCTC 11168 was originally isolated by Skirrow in 1977 from the faeces of a 
diarrhoeic patient. The genome sequence published in 2000 is 1,641,481 base pairs in 
length, with 25 polymorphic regions (Parkhill et al., 2000). The DNA is AT rich with 
a GC ratio of approximately 30 %-46 % (Barros-Velázquez et al., 1999). As 94.3 % 
of the genome codes for proteins it is one of the densest bacterial genomes sequenced 
so far (Parkhill et al., 2000). 
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3.1.6.2 C. jejuni RM1221 (ATCC BAA-1062) 
Originally isolated from a NaCl wash of a chicken carcass (bought from a shop) by 
the Food Safety Research Information Office, C. jejuni RM1221 (ATCC BAA-1062) 
has been minimally passaged and is therefore believed to be a more accurate 
representation of environmental C. jejuni isolates compared with the multi-passaged 
C. jejuni NCTC 11168 (Miller et al., 2000; Dorrell a al., 2005). The genome 
sequence of RM1221 was completed in 2005 and is a single circular chromosome, 
1,777,831 bp in length, with an average OC content of 30.31 % (Fouts etal., 2005). 
3.1.6.3 Comparative genome analysis 
Initial microarray analysis suggested that several C. jejuni NCTC 11168 genes are 
absent or are highly divergent in the RM1221 strain and with the completion of the 
sequence, three major regions of variation have been observed: in the capsule, lipo-
oligosaccharide and flagellar loci (Dorrell a al., 2005). The genomic structure of C. 
jejuni RM1221 is similar to the genome of C. jejuni NCTC 11168, the major 
difference between the two being the presence within the RM1221 genome of four 
large integrated elements and open reading frames within the capsular (extracellular) 
polysaccharide loci in NCTC 11168 (Fouts etal., 2005). 
This apparent variation within the C. jejuni genome has been proposed as an 
important survival strategy, with the continuous variation of surface structure and the 
regulation of the expression of surface determinants such as flagella, when required 
(Wren etal., 2001). 
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3.1.6.4 Genetic diversity 
The C. jejuni strain 81-176 has been extensively studied by numerous researchers and 
has been shown to cany two large plasmids pVir and pTet. Poly et al. (2005) used a 
shotgun DNA microarray approach to compare this non-sequenced strain with the C. 
jejuni NCTC 11168 genome. Up to 63 kb of unique chromosomal DNA sequences 
were obtained from the non-sequenced strain, providing further evidence of 
substantial genetic diversity among isolates of C. jejuni (Poly et al., 2005). Pearson et 
al. (2003) investigated the genetic diversity of 18 C. jejuni strains identifying 7 
hypervariable regions in the C. jejuni genome and finding that, when compared with 
the C. jejuni NCTC 11168 genome sequenced strain, 16.3 % of the genes were 
variable. 
This genetic diversity might enable Campylobacter to colonise various environmental 
niches, including those highly restricted in oxygen and possibly contribute to the 
reported variation of virulence potential and invasive abilities (Pearson et al., 2003). 
The study of additional strains and the identification of additional Campylobacter 
genes, would allow the construction of a composite Campylobacter microarray which 
could then be used to identify unique and shared genes between C. jejuni strains of 
various origins and for the development of genome-based molecular typing methods 
providing invaluable epidemiology and evolutionary information (Poly et al., 2005). 
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3.1.6.5 Strain variation 
Frequent sub-culturing of laboratory strains, combined with the extraordinary 
plasticity of bacterial genomes, has raised concerns with regard to the use of 
laboratory-adapted bacterial reference strains in place of 'real-world' isolates. 
Following their initial isolation, some standard laboratory reference strains undergo 
decades of sub-culturing and innumerable laboratory passages under strikingly 
different conditions to the in viva ecosystems from which they were originally 
isolated. Fux et al. (2005) compared genomic differences in laboratory reference 
strains and low-passage clinical isolates and concluded that bacteria rapidly adapt to 
in vitro conditions and therefore no bacterial strain can truly represent its species. 
The original C. jejuni NCTC 11168 isolate was archived (strain number 5636/77), 
frozen and then donated to the Campylobacter strain collection of the Veterinary 
Laboratories Collection. In a recent comparative study, Gaynor et al. (2004), 
demonstrated that there are significant differences between this original isolate and 
the genome-sequenced NCTC 11168 strain. The genome-sequenced variant has 
previously been shown to be a very poor coloniser of one day old chicks, following 
oral challenge, whereas the original clinical isolate from the Veterinary Laboratories 
Collection was found to be an excellent coloniser of chickens (Gaynor et al., 2004). 
Further detailed comparison of these organisms by the same group demonstrated 
dramatic differences in numerous virulence-associated phenotypes, including 
colonisation, invasion, translocation, motility and morphology which appear to be the 
result of very subtle genetic changes that were only detectable by direct sequencing 
(Gaynor et al., 2004). 
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In conclusion, involuntary laboratory conditioning may render the substitution of the 
study of actual pathogens with laboratory-adapted reference strains inadequate and 
inappropriate as important pathophysiological characteristics may have been lost 
(2.4.1.2). 
3.1.7 Stress response 
Campylobacter spp. are generally considered to be relatively fragile, and unusually 
sensitive to environmental stress. Despite this and the apparent lack of adaptive 
mechanisms and stress response factors, (including the global stationary phase stress 
response factor RpoS and the oxidative stress response factor SoxRS), Campylobacter 
is the most common bacterial cause of acute gastroenteritis world-wide (Park, 2002). 
Little is known about the response of Campylobacter spp. to starvation and other 
stressful environmental conditions. C. jejuni possess a homologue of CsrA (carbon 
storage regulator), which in many other bacteria controls the expression of certain 
genes that are repressed in the stationary phase of growth. Park (2005) hypothesised 
that given the lack of other key starvation and regulatory phase regulators, this CsrA 
homologue (Cj1103) plays a key role in modulating gene expression in C. jejuni in 
response to starvation and entry into stationary phase. Murphy et al. (2003a) 
suggested that C. jejuni (more specifically C. jejuni Cl 120, a natural isolate) has the 
ability to induce an adaptive tolerance response to sublethal treatments of acid and/or 
aerobic conditions, which confers resistance to lethal pH. Murphy a al. (2003b) also 
isolated an extracellular protein that provides protection to acid and heat stress 
indicating that C. jejuni Cl 120 has the ability to use a novel, stress resistance, 
extracellular signalling mechanism to induce tolerance to stress factors (Murphy et 
al., 2003b). 
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Assuming this organism does possess a diminished stress response, the prevalence of 
this pathogen is remarkable. The frequent isolation of C. jejuni from the environment 
and at several points in the food chain suggests that this organism is tolerant to the 
wide variety of inimical conditions that they will encounter as a consequence of food 
processing, the application of food preservation practices, the environment and the 
low pH of the stomach (Murphy et al., 2003b). Since adaptability is a crucial 
characteristic of bacteria that are capable of survival in such a wide variety of 
environmental conditions, it is conceivable that this organism possesses novel stress 
responses that are as yet to be elucidated (Park, 2005). 
3.1.8 Phenotyping and genotyping 
Campylobacter is a highly diverse genus which currently contains 16 species, six sub-
species and several biovars (On, 2005). As C. jejuni is a genotypically diverse 
species, reliable epidemiological data will enable the determination of the genetic 
relationships between isolates and therefore identify potential sources of human 
infection and the identification of outbreaks with a wide geographical distribution 
(Manning et al., 2001). However, epidemiological investigation of Campylobacter 
infection has been greatly hampered by the lack of widely used sub-species typing, 
prohibiting identification of isolates beyond species level and the absence of a 
national database (Frost, 2001). C. jejuni has a weakly clonal population with genetic 
exchange occurring at both a species and sub-species level (Dingle et al., 2001; 
Wassenaar, 2002). Therefore several of the typing methods applied to Salmonella and 
similar bacteria are unsuitable and may provide unreliable, unrepeatable and/or 
misleading results (Wassenaar a al., 2000) 
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The vast majority of Campylobacter infections are reported as sporadic. Tracing the 
relative contributions of human infections, variations in pathogenicity and factors 
controlling temporal and geographical variations in the distribution of specific strains, 
is dependent upon the availability of good typing techniques and specific markers 
(Frost, 2001). Original identification schemes based on biochemical tests, although 
complex, were until recently the most widely employed identification method applied 
to Campylobacter. The recent advent of molecular techniques including phenotyping 
and genotyping, is proving to be a valuable tool for identification at species and sub-
species levels. 
A number of sub-typing methods, both phenotypic and genotypic, have been applied 
to Campylobacter spp. including serotyping, phage typing, guIse-field gel 
lectrophoresis (PFGE), polymerase chain reaction-restriction fragment length 
polymorphism, analysis of the flagellin locus (fla typing), and more recently 
amplified fragment length golymorphism (AFLP) analysis (Manning et al., 2001). 
Different genotyping methods have different degrees of discrimination. Isolates 
belonging to one genotype as determined with a low-discriminatory method can be 
further differentiated by a higher-discriminatory method (Wassenaar, 2002). 
3.1. 8.1 Serotyping 
Historically, the two main types of serotyping methods applied to Cwnpylobacter 
employ either heat-stable (HS) or heat-labile (HL) antigens. 
The most widely accepted and well-evaluated method for the typing of C. jejuni 
strains is the Penner serotyping technique, which is based on passive 
haemagglutination, differentiating the strains on the basis of HS antigens (Penner and 
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Hennessy, 1980; Nakari et al., 2005). The major disadvantage of this system is the 
high level of non-typeability (up to 63 %) of human isolates from some countries, 
although, in general, the rate of non-typeability is less than 20 % (Nakari et al., 2005). 
The Lior serotyping system exploits agglutination of HL antigens. Based on a slide 
agglutination procedure, this method considers whole cells as antigenic material (Lior 
et al., 1982). However, multiple reactions are not unusual with this method, which is 
labour intensive, restricting its use to larger laboratories and preventing its routine 
application for isolate identification (Barros-Velázquez et al., 1999; Fitzgerald et al., 
2005). 
3.1.8.2 PFGE 
PFGE is a modification of restriction fragment length polymorphism. 'Rare cutting' 
enzymes (usually SinaI for genotyping Campylobacter) are used to cut the target DNA 
into relatively few fragments of comparatively large size, which are then separated 
with high resolution by PFGE, resulting in clear restriction profiles. The 
discriminatory potential of PFGE is excellent, but the lengthy preparation procedure 
for the DNA samples and its dependence upon specialized and expensive 
electrophoresis apparatus is prohibitive with regard to wide-scale screening (Frost, 
2001). 
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3.1.8.3fla typing 
C. jejuni carries two adjacent flagellin genes, flu/i and flaB, where flu/i is the major 
gene for flagellin production and motility (Guerry et al., 1990; Nuijten et al., 1990; 
Wassenaar et al., 1991). flu typing is a PCR based technique, that produces high 
typeability for human, veterinary and environmental isolates. This technique is less 
labour intensive and uses equipment that is more widely available. However, as this 
technique only samples a very small proportion of the genome and there is potential 
for recombination between the flaA genes of different strains and between the flu/i 
and flaB genes of individual strains, this technique cannot be considered to be a 
particularly stable typing method (Frost, 2001). 
3.1.8.4 AFLP 
AFLP is a high-resolution genotyping method that involves the digestion of 
chromosomal DNA with two restriction enzymes. Banding patterns from AFLP can 
be used to determine genetic relationships between strains from diverse populations 
(Frost, 2001). This method, which has been used for high-resolution typing of several 
bacteria in both epidemiological and taxonomic studies, has been adapted for 
epidemiological typing of C. jejuni and other Cainpylobacter spp., enabling subtyping 
of different strains and differentiation between species (Duim et al., 1999; Kokotovic 
and On, 1999; Savelkoul et al., 1999; On and Harrington, 2000; Duim a al., 2001) 
AFLP analysis is very sensitive, highly discriminatory and reflects the total genome 
of the organism (Manning etal., 2001). 
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3.1.8.5 Multilocus sequence typing (MLST) 
MLST uses automated DNA sequencing to provide a discriminatory molecular profile 
of 7 house keeping genes. The genetic variation present between strains for these 
genes produces different sequences, which are assigned as distinct alleles and, for 
each isolate the allelic profile or sequence type, is identified (Dingle et al., 2001). 
This technique is reproducible, relatively easy and directly comparable among 
laboratories, via online electronic storage and distribution systems such as 
http://mlst.zoo.ox.ac.uk 
 (Dingle et al., 2001) or http://pubmlst.org/campylobacter  
(Barros-Velázquez et al., 1999). Additionally as nucleotide sequence determination 
can be achieved from killed-cell suspensions, purified DNA, or clinical material, the 
need to transport live bacteria is diminished (Dingle et al., 2001). This method 
identifies variation which is accumulating slowly within a population and it is 
therefore particularly suited to long-term and global epidemiological studies, but it 
can also be used in the investigation of individual outbreaks (Dingle etal., 2001). 
3.1.8.6 Genomotyping 
Despite being a relatively novel technique, comparative genomic studies of C. jejuni 
using microarrays have already enabled the identification of several important regions 
and core genes that mainly encode housekeeping functions and others that are 
indispensable for human disease, such as the cytolethal distending toxin and flagella 
structural proteins (Dorrell etal., 2001; Champion etal., 2005). Additionally Pearson 
et al. (2003) used whole genome microarrays to identify 7 hypervariable plasticity 
regions in the C. jejuni genome that contain many important genes, including ones 
linked to the utilisation of alternative electron receptors for respiration that may 
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confer a selective advantage to strains in restricted environments. Many other 
membrane and periplasmic proteins and hypothetical proteins of unknown function 
that might be linked to phenotypic variation and adaptation, were also included in 
these hypervariable regions (Pearson et al., 2003). As previously stated, Champion a 
al. (2005) used whole-genome comparison of isolates using DNA microarrays 
(genomotyping), in conjunction with complex mathematical analysis, to determine the 
phylogeny of 111 C. jejuni isolates from a wide variety of human, livestock and 
environmental sources and they identified two distinct clades. These studies indicate 
the potential of genomotyping which will hopefully provide a sensitive and robust 
method to examine the genetic relatedness of bacterial populations (Champion a al., 
2005). 
3.1.8.7 Typing problems/issues 
Although DNA-based systems are reliable and rapid, both fla typing and PFGE are 
affected by the instability and plasticity of the Campylobacter genome, causing a lack 
of reproducibility in molecular typing patterns and variation of expression with 
phenotypic methods (Frost, 2001; Manning a al., 2001). Each typing technique has 
both advantages and disadvantages and is suitable for different situations and 
applications. Considering the large number of Campylobacter infections occurring 
each year, for wide scale surveillance the cost and ease of use of a method are of 
prime importance, whereas for many research purposes discriminatory power is of 
greater importance (Frost, 2001). 
Although the majority of these systems can be used independently, it is advisable to 
use them in conjunction with each other (as in supplementary typing) to obtain 
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complementary information and avoid confusion with regard to the assignment of 
different serotypes to the same strain by the different methods. This is of particular 
relevance when dominant serotypes or strains not amenable to serotyping, are 
implicated in epidemiological investigations (Barros-Velázquez et al., 1999). 
3.1.9 QS in C. jejuni 
The QS-mediated production of virulence factors and biofllm formation by certain 
Gram-negative oxidase positive bacteria such as P. aeruginosa is well documented 
and indicates the potential for QS systems with regard to any bacterial pathogen. As 
previously stated Al activity has been demonstrated for many foodbome pathogens in 
vitro (1.1.11). However, little is known about the roles of QS in the growth and 
survival of bacteria in food environments in vivo, and its significance to the food 
industry with regard to food spoilage, food toxicity and the virulence of the foodborne 
pathogen C. jejuni. 
3.1.9.1 LuxS/AI-2 and C. jejuni 
Analysis of the genome sequence of C. jejuni NCTC 11168 by Elvers and Park 
(2002), has revealed a hypothetical protein (Cj 1198), with extensive amino acid 
similarity to LuxS from several other bacteria (71 % identity to LuxS from E. coli). 
AI-2 like activity, which is dependent upon the product of this LwcS homologue, has 
been demonstrated for both the laboratory C. jejuni isolate NCTC 11168 and the 
clinical C. jejuni isolate 81116 (Elvers and Park, 2002; Jeon et al., 2003). Cloak etal. 
(2002) reported an increase in AI-2 activity in Brucella broth supplemented with 
glucose or foetal bovine serum and AI-2 activity in both milk and chicken broth at a 
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range of temperatures, indicating the potential for AI-2-mediated QS in food-borne C. 
jejuni. Elvers and Park (2002), concluded that C. jejuni NCTC 11168 uses an AI-2-
like-cell-signalling system which they linked to motility regulation. They also 
suggested that the system may serve as a global regulatory mechanism for basic 
physiological functions and virulence factors, as in other bacterial pathogens (Elvers 
and Park, 2002). Subsequent research has indicated that this putative AI-2-mediated 
QS influences the transcription of flail but not flaB, with a haS mutant exhibiting 
reduced fiaA transcription and motility whilst having the same level of total flagellin 
protein as the wild-type (Jeon ci al., 2003). As the agglutination capability was also 
reduced in the mutant strain, Jeon ci al. (2003) concluded that this putative AI-2-
mediated QS system might influence the regulation of both motility and surface 
structure formation. However, as both of these studies used luxS mutants, which as 
previously stated, will also have altered bacterial metabolism, it is possible that these 
changes in metabolism are actually responsible for the changes in motility and 
agglutination (1.1.3.3). 
3.1.9.2 AHLIAI-1 and C. jejuni 
The genome sequence of C. jejuni does not contain any gene predicted to encode an 
acyl homoserine lactone synthase (RIvers and Park, 2002). Many researchers therefore 
believe that it is unlikely to produce acyl homoserine lactone based signalling 
molecules (Park, 2002; Park, 2005). However, C. jejuni is currently a poorly 
understood microorganism that provides an alternative model in comparison to the 
current enterobacterial standard for both virulence and stress response and therefore 
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its study is an exciting challenge with the potential to change the current 
understanding of QS (Ketley and Konkel, 2005). 
3.1.10 Aim of the research 
Autoinducer activity has been demonstrated in many foodborne pathogens and it is 
frequently postulated that autoinducer production may be exploited to control 
bacterial growth and survival in foods. However, without a complete understanding of 
the QS systems of each pathogen, development in this field is stunted. The aim of this 
research is to assess putative Al-IL production by both clinical and laboratory isolates 
of C. jejuni, including the genome sequenced strain NCTC 11168. Assuming 
verification of putative Al-IL production, the effect of various conditions, including 
medium supplementation, growth period and oxygen concentration on putative Al-IL 
production, will also be determined. C. jejuni conditioned, supernatant extracts will be 
assessed for putative AHL production via an Agrobacteriuin liquid culture bioassay 
(Zhu et al., 2003) and a modified Miller assay (Miller, 1992). Further analysis will 
employ HPLC and LC-MS. 
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3.2 METHODS 
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3.2.1 Reagents 
All chemicals were purchased from Sigma-Aldrich Company Ltd (Poole, Dorset, UK) 
or VWR International (Lutterworth, Leicestershire, UK) unless otherwise stated. 
3.2.2 A. (umefaciens strains and culture conditions 
The A. tumefaciens reporter strain KYC55 (pJZ372); (pJZ384); (pJZ410), which 
contains 3 plasmids, was assigned the culture collection designation UL225 (Table 
2.2.1). This strain cannot synthesise the Agrobacteriutn autoinducer (OOHL), 
therefore the lacZ fusion product, 0-galactosidase, is only expressed when exogenous 
autoinducer is present (Cho et at., 1997: Zhu et al., 2003). The A. tumefaciens positive 
control, UL224 (Table 2.2.1), contains a trct Ti plasmid and synthesises the 
Agrobacterium AFIL autoinducer (Zhu et al., 1998). Both strains were kindly donated 
by Prof. Stephen Winans, Cornell University, Ithaca. 
A. tumefaciens strains UL224 and UL225 were grown at 25°C, 180 rpm (Gallenkamp 
orbital incubator) in 1 ml aliquots of ATMM (Appendix 1, Table A 1.3). Strain UL225 
required the addition of gentamicin and spectinomycin (both to a final concentration 
of 100 jsg/ml) and tetracycline (to a final concentration of 2 jig/mI), and strain UL224 
required tetracycline (1 jsg/ml) and spectinomycin (100 jig/mI) to prevent plasmid 
loss. Both UL224 and U1L225 were stored on ATMM slopes containing the 
appropriate antibiotics for each strain at 4°C and subeultured every 28 days. 
Resuscitation of both strains consisted of one 16 h passage in the appropriate 
conditions as stated above. 
3.2.3 C. jejuni strains and culture conditions 
The C. jejuni strains used in this study are described in Table 3.2.1. 
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For C. jejuni, the microaerophilic environment was produced by a CampyGenTM 
 
atmospheric generation system, (2.5 L [Oxoid] in a 2.5 L anerobic jar [Oxoid]). All C. 
jejuni strains used in this study were stored in 1 ml brain heart infusion broth (Oxoid) 
containing glycerol to a final concentration of 20 % (v/v) at -80°C. C. jejuni strains 
were resuscitated on pre-dried Blood Agar Base (Oxoid) medium containing lysed 
horse blood (7.0 % v/v) (Oxoid). The cultures were incubated in a microaerophilic 
environment at 37°C (Status® static incubator, The Northern Media Supply Ltd., 
North Humberside) for 72 h, then subcultured to fresh Blood Agar plates for 40 h. 
The resuscitated C. jejuni cultures were then transferred completely from the plate via 
a sterile loop to 2 ml BB, (Oxoid) and carefully emulsified to avoid an excessive 
increase in oxygen levels. For standard conditions this suspension was then used to 
inoculate 100 ml BB in a glass screw top Duran bottle (total capacity 130 ml) to an 
optical density at 600 nm (0D600 mu) of 0.05, measured using a spectrophotometer 
(Pharmacia LKB Novaspec II). Cultures were then incubated under aerobic conditions 
statically at 37°C for 48 h (Iran, 1998). 
3.2.4 Growth period length and f3-galactosidase activity induction 
Like most signalling mechanisms QS mechanisms are cell-density dependent. To 
assess whether any changes in j3-galactosidase activity induction is related to cell 
density, culture samples from several different time period lengths were taken and 
compared with growth measured by 0D600 
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3.2.4.1 Growth period length (24 h, 48 h and 96 h) 
Variation in the growth period length was achieved by varying the length of 
incubation from 24 to 48 and 96 h. Cultures were then sampled (3.2.6) and extracted 
as detailed in 2.2.4.1. 
3.2.4.2 C. jejuni growth curves 
C. jejuni culture growth, measured as 0D600 nm  was assessed at regular time points 
over a 96 h period. To ensure accuracy, cultures having optical density readings of 0.3 
or more, were diluted in sterile BB and the optical density was re-measured at 600 
3.2.5 Dissolved oxygen levels and -galactosidase activity induction 
3.2.5.1. Percentage headspace air volume 
Variation in the dissolved oxygen concentration of BB was achieved by changing the 
final culture volume of 100 ml to 117 ml in a screw top Duran medium bottle (total 
capacity 130 ml), thereby limiting the headspace air to either 23 % or 10 % of the 
bottle's total capacity (Tran, 1998). 
3.2.5.2 Culture supplementation 
Supplemented growth conditions were produced by the addition of lysed horse blood 
(7.0 % v/v) and FeSO4.71-120 (0.2 % w/v) (Appendix 2.1) to 100 ml BB which was 
then inoculated and incubated as stated in 3.2.3. The pH of all supplemented media 
and the BB alone was 7.3 ± 0.2. 
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3.2.6 Culture sampling 
Following incubation, C. jejuni cultures were thoroughly shaken to ensure that the 
bacterial cells were suspended in the medium and not attached to the culture vessel. 
The culture was transferred to sterile centrifuge tubes and centrifuged at 6000 x g, 
4°C for 15 mm (MSE MISTRAL 3000i). The pellet was then discarded and the 
supernatant was stored at -80°C for future extraction. 
3.2.7 Ethyl acetate extraction 
The method was performed as detailed in 2.2.4.1. 
3.2.8 Agrobacterium liquid culture bioassay 
The method was performed as detailed in 2.2.6.3. Microsoft Excel was used to 
statistically assess the effect of a change in condition (growth period length, 
percentage headspace air volume or culture supplementation) on 3-galactosidase 
activity induction. A one-tailed, dependent student t-test was applied to the data 
(paired samples, 3 replicates) to compare the actual difference between the two means 
(that one is larger or smaller that the other) in relation to the variation in the data. 
3.2.9 Viable cell counts 
Viable cell counts were performed for every C. jejuni culture concurrent to sampling 
for ethyl acetate extraction. For each culture, serial dilutions (10 -3 , 104, 10, 10 and 
10) were produced in sterile ¼ strength ringers solution (Oxoid) and 100 p1 was 
spread onto pre-dried blood agar plates (7.0 % v/v lysed horse blood) which were then 
incubated at 37°C for 48 h. Plates containing between 30 and 300 colonies were used 
to obtain the viable cell counts. Experiments were carried out in triplicate. 
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3.2.10 Separation and structure characterisation 
To ensure that the molecule activating this bioassay is an AFIL, the active 
component(s) must be separated and chemically characterised. 
3.2.10.1 Serum enzyme activity assay 
Yang et al. (2005) demonstrated that horse serum displays strong enzymatic 
inactivation activity against a range of AHLs with varying efficiency and it is 
proposed that paraoxonase(s), a lactonase-like enzyme(s), contributes to this 
inactivation by hydrolysing the lactone ring of AHL to produce acyl homoserine. The 
serum enzyme activity assay exploits this inactivation activity and indicates whether 
the active component contained within the supernatant extracts, is likely to be an 
AFIL. This method was adapted from Yang et al. (2005). 
The reaction mixture containing the horse serum (2 % v/v) and the sterile culture 
supernatant extract (6 Ml)  or HFIL synthetic control (20 tM) in 0.6 ml ghosphate 
buffered saline (PBS) incubated at 37°C (Status(D static incubator, The Northern 
Media Supply Ltd., North Humberside) for 12 h. An additional control, as above but 
excluding the serum, was incubated simultaneously under the same conditions. The 
reaction was subsequently stopped by heating at 95°C (Haake 01138 waterbath) for 3 
mm. Controls were prepared to ensure that any differences observed were due to the 
effect of the serum and not the PBS or the heat treatment. -galactosidase activity 
induction was then assessed via the Agrobacterium liquid culture bioassay (2.2.6.3). 
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3.2.10.2 HPLC separation 
Reverse phase HPLC separates compounds based on their hydrophobic character, in 
that hydrophobic analytes are retained on the column, due to interactions between the 
alkyl chains of the stationary phase and the analyte. The analytes elute more readily as 
the proportion of the hydrophobic component in the mobile phase is increased. QS 
AIs are usually small, low molecular weight molecules therefore a stationary phase 
with an alkyl chain length of C18 was chosen for the 1-IPLC separation. 
Extract samples were further concentrated by freeze drying for 12 h at -80°C and 
rehydrated with sterile ddH 20 (20 x original concentration, 50 jl). The concentrated 
extracts were applied via a Series 200 Pump (Perkin Elmer, USA) onto a 550DS2 C18 
reverse-phase semi-preparative column (Hichrom Ltd., Berkshire). The elution 
procedure was adapted from Bainton a al. (1992) and Pearson a al. (1994) and 
consisted of a ddH20:methanol gradient, for the first 15 min 25 % (v/v), then 
increasing to 60 % (v/v) by 35 min and 100 % (vlv) by 50 mm. This gradient 
separated the analyte mixture as a function of how well the changing solvent 
mobilised the analyte. The more hydrophilic components were eluted near the start of 
the profile under conditions of relatively low methanol concentrations and 
hydrophobic components eluted later under the higher methanol concentrations. 
Fractions were collected at every peak detected by a Perkin Elmer LC 90 BlO 
Spectrophotometric UV detector (at a wavelength of 210 nm) and the fraction time 
and peak area was recorded using a Hewlett Packard HP3396A integrator. Fractions 
were collected for each peak, freeze dried for 12 h at -80°C and rehydrated with 0.7 
ml sterile ddH20. 3-galactosidase activity induction was then assessed via the 
Agrobacterium liquid culture bioassay (2.2.6.3). 
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3.2.10.3 LC-MS 
LC-MS analysis of the active HPLC fractions was performed at Quay 
Pharmaceuticals Limited, Wirral by Dr. Mask Powell using a Hewlett-Packard 1050 
series FIPLC system comprising of an in-line vacuum degasser, quarternary pump, 
autosampler, variable wavelength UV detector and Dionex model STH5585 column 
oven. The mass spectrometer used was a Finnigan Aqa single quadrupole LC-MS 
system equipped with both ES! and atmospheric pressure chemical ionisation and 
positive or negative ion detection (2.2.8). The active HPLC separated fractions from 
the C. jejuni NCTC 13255 culture supernatant extract (10 l.a),  were applied onto a 
S50DS2 C18 reverse-phase semi-preparative column (Hichrom Ltd., Berkshire). The 
ionisation method was ES!, positive mode and the elution procedure consisted of a 
single ramp methanol:ddH20 (0.02 % v/v formic acid) gradient at a flow rate of 1 ml 
min* The probe temperature was 380°C and peaks were detected with the variable 
wavelength UV detector at 210 nm. Peak areas were recorded using the Dionex 
Chromeleon (version 6.50) data system at a rate of! scan/second. 
In selective ion monitoring (SIM) the mass spectrometer scans a very small mass 
range. SIM is more sensitive than a full scan as only the compounds with the selected 
mass are detected and plotted allowing the mass spectrometer to dwell for a longer 
time over a smaller mass range. Thus the smaller the Shy! range, the more specific the 
SIM assay. For this study the SIM assay (mass range 339.75 - 340.25 m/z) employed 
the same ionisation method, elution procedure and probe temperature as the full scale 
scan (Appendix 2.2). 
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3.3 RESULTS 
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3.3.1 Induction of -galactosidase activity by C. jejuni isolate extracts 
All the C. jejuni isolate supernatant extracts tested in this preliminary screen induced 
3-galactosidase activity in the A. tumefaciens reporter strain, U1L225, above the 
considered level of importance (Figure 3.3.1), whereas extracts of several batches of 
sterile BB growth media induced negligible levels of f3-galactosidase activity (data not 
presented). Growth was measured as optical density (01300 nm)  for all the C. jejuni 
isolates (Appendix 3, Table A3.1). All final 48 h C. jejuni optical densities were 
within a 0.03 OD range (013600 nm)  and therefore considered normalised. The extract 
derived from each isolate culture supematant demonstrated an individual activation 
level, with C. jejuni NCTC 13255, 13264, 11 168-GS and 11168-0 extracts exhibiting 
the most activity under the stated culture conditions and the C. jejuni NCTC 13262 
extract the least. Interestingly extracts derived from C. jejuni isolates NCTC 11168-
GS and 11168-0 culture supernatants induced comparable levels of 3-galactosidase 
activity. The extract derived from the C. jejuni NCTC 13255 culture supernatant 
induced similar levels of -galactosidase activity as found in the positive control, A. 
tumefaciens UL224 extract (Figure 3.3.1). However, it should be noted that these 
results are not directly comparable as different growth conditions were used to culture 
A. tuniefaciens and C. jejuni. 
C. jejuni isolates NCTC 11 168-GS and 11168-0 were selected for further analysis to 
enable the comparison of a laboratory 'acclimatised' isolate with the non-acclimatised 
'clinical' version. C. jejuni NCTC 13255 was also studied as it demonstrated a high 
level of activity and is serotype HS: 19 which has been associated with GBS. 
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Results: Campylobacterjejuni 	 Sarah J Carmichael 
3.3.2 Growth period length and -galactosidase activity induction 
A major defining characteristic of QS is that signalling molecule production and 
secretion is cell density dependent. Therefore the effect of growth period length on the 
amount of active component(s) present in the C. jejuni culture supernatant extracts 
was determined via induction of f3-galactosidase activity in the Agrnbacterium liquid 
culture bioassay. 
3.3.2.1 The effect of growth period length (24 h, 48 h and 96 h) on -galactosidase 
activity induction 
Figure 3.3.2 indicates that each of the three C. jejuni isolate supernatant extracts 
tested exhibit a unique growth period induction profile. For C. jejuni NCTC 13255 the 
levels of induction appear to remain constant for both the 24 and 48 h supematant 
extracts, whereas the 96 h supematant extract results show a significant decrease (p < 
0.05) in induction level (Figure 3.3.2, Table 3.3.1). The induction levels for C. jejuni 
NCTC 11 168-OS increases significantly (p c 0.05) between 24 and 48 h but 
subsequently significantly decreases (p  <0.05) by 96 h to a level significantly lower 
(p <0.05) than that observed for the 24 h extract (Figure 3.3.2, Table 3.3.1). Induction 
levels significantly increase (p .c 0.05) between 24 and 48 h for C. jejuni NCTC 
11 168-OS and C. jejuni NCTC 11168-0. However, for C. jejuni NCTC 11168-0 
there is no subsequent significant decrease (p  <0.05) in the levels of induction after 
96 h of growth as compared to C. jejuni NCTC 11168-OS (Figure 3.3.2, Table 3.3.1). 
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Results: Campylobacterjejuni 	 Sarah J Carmichael 
3.3.2.2 Growth curves of C. jejuni isolates 
The previous experiment (3.3.2.1) indicated that the level of J3-galactosidase induction 
by C. jejuni culture supematant extracts, varied with the length of the bacterium's 
growth period. Thus, the growth curves of C. jejuni NCTC 13255, 11168-OS and 
11168-0 were determined, to see if the component(s) inducing j3-galactosidase 
activity in the Agrobacteriuin liquid culture bioassay were synthesised/released into 
the growth medium at a particular phase in the bacterium's growth cycle. 
Firstly, the growth curves of C. jejuni NCTC 13255, 11168-OS and 11168-0 were 
determined (Figure 3.3.3, Appendix 3, Table A3.2.1-3). 
All three C. jejuni cultures exhibit a long lag phase, with the optical density increasing 
dramatically from 48 h for C. jejuni NCTC 11168-OS and 11168-0, whereas for C. 
jejuni NCTC 13255 the optical density appears to steadily increase from 48 h onwards 
(Figure 3.3.3). 
The optical density readings for both C. jejuni NCTC 11168-OS and 13255 decrease 
after 75 h, indicating the end of stationary phase and a possible decline in cell number 
for these isolates. On the other hand, the optical density of C. jejuni NCTC 11168-0 
cultures continues to increase until 96 h resulting in a far greater final optical density 
than the other two C. jejuni isolates (Figure 3.3.3). 
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Figure 3.3.4 The induction of -galactosidase activity during the growth of three 
C. jejuni isolates 
-galactosidase activity induction by extracts derived from C. jejuni NCTC 13255, 
11 168-GS and 11168-0 culture supernatants from three separate growth periods (24 
h, 48 h and 96 h, orange) were compared with growth which was measured as optical 
density 0D6 am  for the same C. jejuni isolates (OD600 nm, green). The base line at 100 
Miller units indicates the considered level of importance for this study. Data are mean 
± standard deviation, (n = 3). 
(a) C. jejuni isolate NCTC 11 168-GS. 
(b) C. jejuni isolate NCTCI 1168-0. 
(c) C. jejuni isolate NCTC13255. 
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3.3.2.3 Growth and -gaIactosidase activity induction 
The extracts derived from the 24 h C. jejuni culture supernatants induced very 
different levels of 3-galactosidase activity, ranging from approximately 100 to 600 
Miller units, even though the OD600nm readings at that time point are similar (-0.1). 
The extracts derived from the 48 h C. jejuni culture supernatants induced relatively 
similar levels of 3-galactosidase activity in the Agrobac:erium liquid culture bioassay, 
ranging from approximately 450 to 550 Miller units. Again the 0D600 am readings at 
that time point were similar (all —0.1-0.14). Although, the extracts derived from the 96 
h C. jejuni culture supernatants induced very different levels of 3-galactosidase 
activity, (C. jejuni NCTC 11 168-GS - 120 Miller units; 11168-0 - 590 Miller units; 
and 13255 - 190 Miller units) the OD4500 nm measurements for this time point also 
varied, perhaps reflecting the differences in 3-galactosidase induction (C. jejuni 
NCTC 11168-US —0.3; 11168-0 —0.6; and 13255 —0.2). 
The long lag phase exhibited by all three of the C. jejuni isolates tested indicated by 
the low optical densities, suggests low cell densities up to 48 h of growth. These low 
cell density levels complement the relatively low induction levels of 3-galactosidase 
activity for the C. jejuni NCTC 11 168-US and 11168-0 supernatant extracts for this 
growth period (Figure 3.3.4 (a) and (b)) but not the C. jejuni NCTC 13255 culture 
supernatant extract, which induced a high level of 3-galactosidase activity for the 
same growth period (Figure 3.3.4 (c)). 
The decrease in OD600flm for C. jejuni NCTC 13255 and 11168-US from 78 h appears 
to correspond with the decrease in 3-galactosidase activity, induced by the supernatant 
extracts derived from the 96 h culture supernatants (Figure 3.3.4 (c) and (a)). C. jejuni 
NCTC 11168-0 appears to enter stationary phase later than the other isolates and does 
not experience the same drop in 3-galactosidase activity induction (Figure 3.3.4(b)). 
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3.3.3 Aerotolerance and Ji-galactosidase activity induction 
As previously stated C. jejuni is a strict microaerophile and therefore the effect of 
changing the level of available oxygen and the levels of toxic oxygen derivatives 
within the growth medium was determined (3.1.1). 
3.3.3.1 The effect of the percentage headspace air volume on -galactosidase 
activity induction 
The decrease in dissolved oxygen concentration produced by decreasing the volume 
of headspace air from 23 % to 10 % appears to have no effect on the activity of the 
supernatant extracts of the C. jejuni laboratory isolates (NCTC 13255 and NCTC 
11 168-GS) (Figure 3.3.5, Table 3.3.2). The extract from the decreased dissolved 
oxygen concentration culture of C. jejuni NC1'C 11168-0, (the clinical isolate), 
appears to have a more positive effect on 3-galactosidase activity induction, (Figure 
3.3.5). However, the statistical analysis indicates that this increase is not significant at 
the p c 0.05 level (Table 3.3.2). Interestingly the C. jejuni NCTC 11168-0 23 % 
headspace extract induced significantly lower levels (p c 0.05) of -galactosidase 
activity than the C. jejuni NCTC 11168-os 23 % headspace extract, where as the C. 
jejuni NCTC 11168-0 10 % headspace extract induced significantly higher levels (p c 
0.05) of j3-galactosidase activity than the equivalent NCTC 11168-0 extract (Figure 
3.3.5, Table 3.3.2). 
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3.3.3.2 The effect of culture supplementation on -galactosidase activity 
induction 
The previous experiments (Figure 3.3.5) indicated that decreasing the % headspace air 
volume had no effect on the level of f3-galactosidase induction in the Agrobacterium 
liquid culture bioassay by any of the extracts derived from the three C. jefuni clinical 
isolate culture supernatants tested. Therefore the effect of culture supplementation 
with blood and ferrous sulphate which quench toxic oxygen derivatives on the 
induction levels of 3-galactosidase activity was also detennined. 
Supplementation of BB with 7.0 % (v/v) blood appears to significantly decrease (p < 
0.05) the induction of 3-galactosidase activity in comparison with BB medium alone, 
for the extract from C. jejuni NCTC 13255 and 11 168-GS culture supernatants, the 
two laboratory isolates, but it has no significant effect (p  <0.05) on 3-galactosidase 
activity induction for the C. jejuni NCTC 11168-0 (clinical isolate) supernatant 
extract (Figure 3.3.6, Table 3.3.3). Interestingly ferrous sulphate supplementation (0.2 
% w/v) of the culture medium appears to have no significant effect (p c 0.05) on 
galactosidase activity induction in comparison with BB alone for all three of the C. 
jejuni isolates tested (Figure 3.3.6, Table 3.3.3). 
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3.3.4 Viable cell counts 
One explanation for the varying levels of -galactosidase induction by the various C. 
jejuni culture supernatant extracts is that they may reflect variations in viability of the 
C. jejuni cell cultures under the conditions used. Thus, viable cell counts were 
performed on the C. jejuni cultures, under the different growth conditions (Figure 
3.3.7). There was no difference in the number of viable cells detected for any of the C. 
jejuni isolates or for C. jejuni NCTC 13255, 11168-GS or 11168-0 when grown in 
either 23 % (v/v) or 10 % (v/v) culture volumes or when supplemented with lysed 
horse blood (7.0 % [v/v]) or ferrous sulphate (0.2 % [w/v]) (Figure 3.3.7). 
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3.3.5 Active molecule separation and structural assessment 
To further characterise this putative Al the active compound(s) extracted from the C. 
jejuni culture supernatants was separated and purified enabling chemical structural 
analysis. 
3.3.5.1 The effect of incubation with serum on the induction of -galactosidase 
activity 
Previous work by Yang et al. (2005) has shown that AHL activity can be inactivated 
by incubation with sera from a range of mammalian species. Draganov a al. (2005) 
demonstrated that this inactivation may be due to paraoxonase enzymes in the serum. 
Thus, extracts derived from the C. jejuni NCTC 13255, 11168-OS and 11168-048 h 
culture supernatants were incubated with horse serum to see if the induction activity 
of the extracts was affected. 
The serum treated extracts demonstrated significantly lower levels (p c 0.05) of 13-
galactosidase activity induction when compared with the levels of 3-galactosidase 
activity induced by the standard, untreated extracts for all three C. jejuni isolates 
(Figure 3.3.8, Table 3.3.4). The controls indicated that the differences observed were 
due to the effect of the serum and not the PBS or the heat treatment (data not 
presented). Interestingly the serum treated extracts from NCTC 11168-OS and NCTC 
11168-0 induced significantly higher levels (p c 0.05) of 13-galactosidase activity 
induction when compared with the 13-galactosidase activity induction level for the 
serum treated C. jejuni NCTC 13255 extract (Figure 3.3.8, Table 3.3.4). 
163 
C
 
I C 
2 
Pa 
I 
(3 
2 4 
0
 	
0
 	
0
 
I 	
I 	
I 
U 	
Iii 	
UI 
Cl 	
-
 
	
0
 
D.0 
o
 
lb 
LO 
0
 
('I 
lb 
1 	
'a
 
• "a 
4 
o
 
—
 
PC
 
4? 
a
 
.0
 
Is) 
Ira 
en 
-
 
o
 
z
 
—
 
	
•_
 
C 
zi 
lb
6
 
	
t' 
Cl 
• 	
ci E 
o
 
LO 
cc 
Lo 
co 
Cl 
C? 
Pt
 
'a
 
r
 
0
 
Ifl 
.0
 
0
 
0
 
0
 
C
 
C
 
B 
en 
.0 > > 
0
 
'.0 0 b.O 
C 'a 2 C) C C C) 
PC 
4-a C B 
V
I 
—4 
-
 
Ci 
t 	
0
 
C) 	
—
 
PC 	
CM 
I- 
F
-
' 
>
 
U 
-
P 	
4) 
tn ft 
0
 
C
O
 
—
 
I- 
Cl 	
) 
DO 	
4) 
—
 	
4_a 
o
 	
Ct 
PC 
0 
0
 
2 
Pa 
Cl 
C 
o
 
Pa 	
U
 
4) 	
Ct 
I
 
I
 
0 
0 
I 	
I 
I 
I 
IJJ 	
UI 
U 
114 
CD 	
lb 
Results: Campylobacterjejuni 	 Sarah J Carmichael 
3.3.5.2 HPLC separation 
As substantial evidence has been obtained in this study that the test isolates of C. 
jejuni can produce a compound capable of inducing 3-ga1actosidase activity in the 
Agrobac:eriu,n liquid culture bioassay, supernatants of C. jejuni NCTC 13255 
cultures were extracted with ethyl acetate, concentrated further (x 20) by freeze drying 
and then analysed by FLPLC and compared with analogous extracts from A. 
zumefaciens UL224, the positive control. A substantial peak was eluted between 43.50 
and 49.25 miri for the A. tumefaciens positive control (UL224) supernatant extract and 
between 33.74 and 35.75 min for the C. jejuni NCTC 13255 supematant extract 
(Figure 3.3.9). The activity of these fractions was then determined with the 
Agrobacterium liquid culture bioassay. 
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3.3.5.3 The induction of -gaIactosidase activity by HPLC separated fractions 
When the Agrobacterium liquid culture bioassay was performed on the fractions 
produced by the HPLC analysis of the concentrated C. jejuni NCTC 13255 culture 
supernatant extract, the main UV absorbance peak corresponds with the highest 
induction levels of 3-galactosidase activity indicating that this fraction contains the 
highest concentrations of the active component (Figure 3.3.10). It is clear that the 
active component(s) derived from the C. jejuni NCTC 13255 culture supematant has 
been enriched and fractionated by the HPLC. Therefore LC-MS was used to further 
aid in characterising the active component(s) in the fraction eluted between 33.74 and 
35.75 mm. 
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3.3.5.4 LC-MS 
The major fraction identified by HPLC in the previous experiments (3.3.5.2; 3.3.5.3) 
eluting between 33.74 and 35.75 mm, was analysed by LC-MS. LC-MS full scan 
analysis of that fraction from the C. jejuni NCTC 13255 culture supernatant extract, 
indicated a peak at - 340 m/z which eluted after approximately 30 mm (data not 
shown). SIM, where the mass spectrometer scans a very small mass range only 
detecting and plotting compounds with a selected mass, allows the mass spectrometer 
to dwell for a longer time over a smaller mass range. Thus, SlIM LC-MS is more 
sensitive than a full LC-MS scan. SlIM (339.75 - 340.25 m/z, EPI, positive mode) of 
several repeat HPLC separated samples eluted over the same time period identified 
peaks in all the HPLC separated samples tested (Figure 3.3.11). 
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3.4 DISCUSSION 
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3.4.1 Induction of -galactosidase activity of C. jejuni isolate extracts 
The induction of 3-galactosidase activity in the Agrobacterium liquid culture bioassay 
(Zhu et al., 2003) by all of the C. jejuni supernatant extracts tested in this preliminary 
screen, suggests the presence of an active component in the C. jejuni culture 
supernatant extracts and therefore the conditioned medium (Figure 3.3.1). The 
negligible levels of 3-galactosidase activity induced by extracts of several batches of 
sterile BB medium, indicated that the 3-galactosidase activity induction is due to an 
active compound extracted from the C. jejuni supernatants rather than any active 
compounds already present in the growth medium. These results indicate putative 
production of an Al-like active compound by all the C. jejuni isolates tested, 
including the genome sequenced strain NCTC 11168-OS, providing preliminary 
evidence of a previously unidentified signalling system in some C. jejuni strains that 
is not just limited to a few unrepresentative isolates. Interestingly, under the 
conditions used in this study, there appears to be no difference in the induction levels 
for C. jejuni NCTC 11168-OS and 11168-0, suggesting comparable concentrations of 
the active compound in the extracts (Figure 3.3.1). 
3.4.2 Growth period length and -galactosidase activity induction 
3.4.2.1 The effect of growth period length (24 h, 48 h and 96 h) on -galactosidase 
activity induction 
The individual induction profiles of the three C. jejuni strains tested, indicate that 
each isolate has different kinetics of active compound(s) production and therefore 
generalisation between these isolates is inappropriate (Figure 3.3.2). As all three of 
the isolates tested have a relatively high activity level for the 48 h supematant 
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extracts, all subsequent results will be reported for 48 h extracts. Interestingly there is 
a significant difference (p c 0.05) between the levels of 13-galactosidase activity 
induced by the C. jejuni NCTC 11168 variants for all three time periods, suggesting 
that as well as exhibiting different virulence profiles (Gaynor et al., 2004), these 
isolates are also able to produce different lacZ fusion induction profiles in the 
Agrobacterium liquid culture bioassay, over a 96 h period (Figure 3.3.2). 
3.4.2.2 Growth curves of C. jejuni isolates 
All three C. jejuni isolates tested exhibited a long lag phase which is likely to be a 
result of the different chemical compositions of the media used; BA medium was used 
for the initial "resuscitation culture", in comparison with SB medium, which was used 
to grow the isolates (Figure 3.3.3). This lag in cell division is often associated with a 
physiological adaptation to a new environment by the cells, prior to their resumption 
of cell division. Therefore the different atmosphere generation methods used for the 
two media and the change in growth state (solid to liquid), may also be associated 
with this lag in cell division. Previous growth studies of the two C. jejuni NCTC 
11168 variants have not highlighted a sustained lag phase, but in these studies, the 
atmosphere generation method and the medium constituents remained constant 
(Gaynor a al., 2004). 
Comparison of the OD600 = levels as a measure of growth for the C. jejuni isolates 
NC1'C 11168-OS and 11168-0 indicated that C. jejuni isolate NCTC 11168-OS 
initially demonstrated similar growth kinetics to the C. jejuni isolate NCTC 11168-0, 
but eventually the latter isolate reached a higher optical density (Figure 3.3.3). Oaynor 
et al. (2004) also compared the growth of C. jejuni isolates NCTC 11168-OS and 
11168-0 but found that the C. jejuni isolate NC1'C 11 168-OS grew faster and reached 
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a higher optical density. However, as the two studies utilised different media and 
atmosphere generation methods, it is probably inappropriate to compare the results. 
3.4.2.3 Growth and -ga1actosidase activity induction 
All three of the C. jejuni strains tested exhibited a long lag phase indicated by the 
relatively low optical densities before 48 h, suggesting low cell densities for all three 
cultures (Figure 3.3.3). Interestingly these low cells densities reflect the low induction 
levels of -galactosidase activity induced by the extracts derived from the C. jejuni 
NCTC 11168-GS and 11168-0 24 h culture supernatants, suggesting a link between 
cell density and active compound production (Figure 3.3.4 (a) and (b)). However, the 
C. jejuni NCTC 13255 extract for this growth period exhibited a high level of 3-
galactosidase activity, suggesting a high concentration of active compound in the 24 h 
supernatant extract from this strain (Figure 3.3.4 (c)). As yet it is unclear as to why C. 
jejuni isolate NCTC 13255 appears to produce high levels of the active compound 
during the prolonged lag phase when the cell density is low. This result may be a 
peculiarity specific to this strain emphasising the inappropriateness of trying to 
generalise amongst C. jejuni strains. 
The reduction in optical density 0D6® flm for both the C. jejuni laboratory isolates, 
NCTC 13255 and 11168-GS at 78 h, indicates the end of stationary phase and a 
possible decline in cell number for these strains (Figure 3.3.4 (c) and (a)), whereas the 
optical density of the C. jejuni clinical isolate (NCTC 11168-0) continued to increase 
beyond 78 h and appeared to peak at 96 h (Figure 3.3.4 (b)). This sustained growth 
again seems to correlate with the maintenance of 3-galactosidase activity induction by 
the C. jejuni NCTC 11168-0 supernatant extract (Figure 3.3.4 (b). Again this result 
and the decrease in 3-galactosidase activity induction by both C. jejuni NCTC 11168- 
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GS and 13255, suggest that the production of the active compound is linked to cell 
density. 
3.4.3 Aerotolerance and fi-galactosidase activity induction 
C. jejuni is microaerophilic and as such is capable of oxygen-dependent growth, using 
oxygen as a terminal electron acceptor for energy-yielding respiration. However, 
oxygen and its derivatives including superoxide anions, hydroxyl radicals, singlet 
oxygen and hydrogen peroxide are frequently toxic to microaerophiles and although 
optimum oxygen levels are species and strain specific, atmospheric oxygen 
concentrations (21 % v/v) are generally considered to be inhibitory for C, jejuni 
growth (Hoffman et al., 1979; Krieg and Hoffman, 1986). 
3.4.3.1 The effect of the percentage headspace air volume on p-galactosidase 
activity induction 
As for all liquid medium, the dissolved oxygen levels for BB are naturally relatively 
low. BB is specifically designed for microaerophilic growth, with the inclusion of 
haemin, sodium metabisuiphite and sodium pyruvate which act as oxygen quenchers 
(Morris, 1976; Bolton a al., 1984a; Bolton a al., 19841'; Humphrey, 1990; Corry a 
cii., 1995; Mohammed a al., 2005). 
The potential decrease in the dissolved oxygen concentration in the media, induced by 
the decrease in the % headspace air volume from 23 % to 10 %, appears to have had 
no significant effect (p  <0.05) on the induction of 3-galactosidase activity within the 
bioassay by extracts from the C. jejuni laboratory isolate supematants (NCTC 13255 
and NCTC 11 168-GS) (Figure 3.3.5). 
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Although the extract derived from the clinical isolate C. jejuni NCTC 11168-0 
supematant, under the same conditions, appears to induce an increase in 0-
galactosidase activity, suggesting an increase in the amount of active compound 
present in the extract (Figure 3.3.5) this difference is not significant (p c 0.05, Table 
3.3.2). Significantly lower levels (p c 0.05) of 3-galactosidase activity were induced 
by the C. jejuni NCTC 11168-0 23 % headspace extract, when compared to the levels 
induced by the C. jejuni NCTC 11168-OS 23 % headspace extract. This is surprising 
as the C. jejuni NCTC 11168-0 10 % headspace extract induced significantly higher 
levels (p c 0.05) of 3-galactosidase activity than the equivalent NCTC 11168-0 
extract (Figure 3.3.5, Table 3.3.2). This indicates that the two variants are able to 
produce different lacZ fusion induction profiles in the Agrobacterium liquid culture 
bioassay. 
This lack of a significant difference (p c 0.05) in active compound production for 
both C. jejuni NCTC 11 168-GS and 11168-0 as a consequence of a change in the 
dissolved oxygen concentration, is of particular interest, considering that Oaynor et al. 
(2004) demonstrated dramatic expression differences for several gene families, under 
microaerobic and severely oxygen-limited conditions in C. jejuni NCTC 11168-OS 
and 11168-0. Oaynor et al. (2004) also suggested that adaptation to different oxygen 
tensions may influence colonisation potential given that anaerobic priming/aerobic 
passage can result in an increase/decrease, in colonisation compared with the parent 
strains. Additionally it is conceivable that different stress responses are linked to the 
production of this putative Al in these strains. 
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3.4.3.2 The effect of culture supplementation on fi-galactosidase activity 
induction 
BB is frequently supplemented with lysed horse blood, which acts to prevent the build 
up of toxic oxygen products that may hinder Cainpylobacter growth. Horse blood and 
other Campylobacter growth medium supplements are generally considered to act as 
quenching or detoxifying agents rather than as enrichment factors (Bolton et al., 
1984a). Bolton et al. (1984a) demonstrated that blood is an excellent supplement for 
Campylobacter growth medium in that it was effective in neutralising the effects of 
toxic oxygen-derived substances such as superoxide anions, hydroxyl radicals, singlet 
oxygen and hydrogen peroxide (Hoffman et al., 1979). 
Supplementation of BB medium with 7.0 % (v/v) lysed horse blood appears to 
decrease the induction of f3-galactosidase activity in comparison with unsupplemented 
BB, for the extracts derived from the supernatants of the two C. jejuni laboratory 
isolates (NCTC 13255 and 11168-GS) (Figure 3.3.6). This apparent decrease may be 
due to reduced levels of toxic oxygen derivatives. 
Supplementation of BB with 7.0 % (v/v) lysed horse blood appears to have no 
significant effect (p c 0.05) on 13-galactosidase activity induced by the extract 
produced from the clinical isolate, C. jejuni NCTC 11168-0 supematant (Figure 
3.3.6). This suggests that this variant of C. jejuni NCTC 11168 may be more tolerant 
of the toxic oxygen derivatives, which may be advantageous in a clinical setting. Both 
QS and AHL production have been linked to biofllm formation in many bacterial 
species, including P. aeruginosa (Favre-Bonté et al., 2003). Recent research has 
indicated that supplementation of RB with 7.0 % (v/v) lysed horse blood increases 
biofllm formation by both C. jejuni NCTC 11 168-GS and 11168-0 (Dowling, 2006). 
Therefore, in the light of this research, the apparent difference in response to 
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supplementation with 7.0 % (v/v) lysed horse blood in comparison with 
unsupplemented BB medium by the two C. jejuni NCTC 11168 variants, is of 
particular interest. These results again highlight the differences between the two C. 
jejuni NCTC 11168 variants. 
Ferrous sulphate is also known to prevent the build up of toxic oxygen products that 
may hinder Campylobacter growth. Thus, the effect of supplementing BB with 
ferrous sulphate on the level of active compound in the extract was determined. 
Ferrous sulphate supplementation (0.2 % w/v) of BB appears to have no significant 
effect (p c 0.05) on f3-galactosidase activity induction, in comparison with extracts 
derived from unsupplemented BB cultures, for all three of the C. jejuni isolates tested 
(Figure 3.3.6). Bolton et al. (1984a) demonstrated that ferrous sulphate (0.025 % w/v) 
is less effective than lysed horse blood in preventing the formation and build up of 
toxic substances as it does not completely neutratise all the toxic products. In light of 
this, the absence of a significant change (p c 0.05) in the levels of -galactosidase 
activity induction and therefore the active compound concentrations, when comparing 
ferrous sulphate supplementation with unsupplemented BB for all three C. jejuni 
isolates, is unsurprising (Figure 3.3.6). 
As previously stated, the pH of the supplemented and unsupplemented BB growth 
medium was 7.3 ± 0.2, therefore it is unlikely that any changes in the level of I-
galactosidase induction observed for the supplemented C. jejuni culture supematant 
extracts were due to chemical lactonolysis or any other pH induced degradation of the 
active compound (1.1.9.3.4; 3.2.5.2). 
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3.4.3.3 Percentage headspace air volume, culture supplementation and I-
galactosidase activity induction 
Despite being generally considered as an obligate microaerophile, C. jejuni must be 
able to survive (although not necessarily grow) within a wide variety of 
environmental niches, including the microaerobic and often severely oxygen-limited 
environment of the avian and mammalian 01 tract and the aerobic conditions in the 
general environment (Gaynor et al., 2004). 
Decreasing the % headspace air volume from 23 % to 10 % and potentially the 
available oxygen and the dissolved oxygen levels, appears to have no significant 
effect (p  <0.05) on the composition of extracts from the any of the C. jejuni isolate 
cultures. However, significantly lower levels (p .c 0.05) of 13-galactosidase activity 
were induced by the C. jejuni NCTC 11168-0 23 % headspace extract, when 
compared to the levels induced by the C. jejuni NCTC 11168-OS 23 % headspace 
extract, whereas the C. jejuni NCTC 11168-0 10 % headspace extract induced 
significantly higher levels (p c 0.05) of -galactosidase activity than the equivalent 
NCTC 11168-0 extract (Figure 3.3.5, Table 3.3.2). This indicates that the two 
variants are able to produce different lacZ fusion induction profiles in the 
Agrobacterium liquid culture bioassay. 
For both the C. jejuni laboratory strains (NCTC 11168-OS and NCTC 13255) 
culture supplementation (7.0 % (vlv) lysed horse blood) appears to significantly 
decrease (p c 0.05) the induction of -galactosidase activity when compared with the 
induction levels for unsupplemented BB, supernatant but appears to have no 
significant effect (p c 0.05) on 0-galactosidase activity induction for the C. jejuni 
NCTC 11168-0 clinical variant supematant extract (Figure 3.3.6, Table 3.3.2). These 
results suggest that the clinical variant, C. jejuni NCTC 11168-0 is more tolerant of 
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the toxic oxygen derivatives than the laboratory variant C. jejuni NCTC 11168-OS. A 
balance is required for microaerophilic organisms, ensuring that sufficient oxygen is 
available for energy production and DNA synthesis but that the levels of toxic oxygen 
products are not inhibitory. However, it is important to note that optimum levels of 
oxygen and tolerance of toxic oxygen derivatives will vary for both strain and isolate, 
as does the ability of Campylobacter to utilise alternative electron acceptor for 
respiration under highly restricted oxygen conditions (Pearson et al., 2003). 
3.4.4 Viable cell counts 
As there was no difference in the number of viable cells detected for any of the C. 
jejuni strains under any of the growth conditions, the differences in 3-galactosidase 
activity can be attributed to variations in the concentration of the active compound(s) 
in the supernatant extracts (Figure 3.37). 
Gaynor et al. (2004) found that neither variant of C. jejuni NCTC 11168 grew well 
under severely oxygen-limited conditions. Therefore the lack in variation in the viable 
cell counts for the change in the % headspace air volume (from 23 % v/v to 10 % v/v) 
is of specific interest, indicating that the culture environment is not anoxic or even 
severely lacking in dissolved oxygen. This finding also indicates that active 
compound production is not solely linked to cell density but it may also be linked to 
environmental conditions such as dissolved oxygen levels and levels of toxic oxygen 
derivatives. This is particularly interesting in light of a recent study by Medina-
Martinez et al. (2006) which showed an effect of environmental conditions, more 
specifically, temperature and glucose constraints, on BHL pmduction by Aeromonas 
hydrophila. 
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3.4.5 Active compound separation and structural assessment 
Although the Agrobacierium liquid culture bioassay and the A. tumefaciens reporter 
strain (UL225) used in this study are specifically designed to detect AFILs, cyclic 
dipeptides (DKPs) have been shown to activate similar TraR based bioassays in a 
concentration-dependent manner, although generally much higher concentrations are 
required than for the natural activator (Holden et al., 1999; WoIf-Rainer, 2005). 
Therefore the bioassay alone cannot be relied upon for AHL identification. 
3.4.5.1 The effect of incubation with serum on the induction of -galactosidase 
activity 
Horse serum has been shown to display strong enzymatic inactivation activity against 
a range of AHLS with varying efficiency (Yang et al., 2005). Yang et al. (2005) 
proposed that paraoxonase(s), lactonase-like enzyme(s), contribute to this inactivation 
by hydrolysing the lactone ring of AFIL to produce acyl homoserine. Incubation of 
extracts derived from the 48 h culture supernatants of the three C. jejuni strains with 
horse serum for 12 h significantly decreased (p c 0.05) the induction of 13-
galactosidase activity suggesting that the active compound has been inactivated by the 
hone serum and therefore may well be an AFIL (Figure 3.3.8). The levels of ft. 
galactosidase activity induced by the serum treated extracts from both variants of C. 
jejuni NCTC 11168 were above the level of considered importance for this study, 
whereas the level of 3-galactosidase activity induced by the equivalent extract from 
NC1'C 13255 was below this level. Additionally, as there is no significant difference 
in the levels of inactivation of NCTC 11 168-GS or NC1'C 11168-0, it would seem 
that the concentration and structure of the putative AHL(s) is similar in both of these 
C. jejuni extracts. However, as current research suggests that AHLs and DKPs 
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compete for the same binding site and as the paraoxonases are generic hydrolyases, 
known to hydrolyse various esters and lactones, there is the possibility that DKPs may 
also be inactivated by serum (WoIf-Rainer, 2005; Dong and Zhang, 2005). Therefore 
although these results do suggest that the active compound may be AHL, they do not 
completely exclude the possibility that the active compound is a DKP and further 
structural identification is required (Wolf-Rairier, 2005). 
3.4.5.2 HPLC separation 
The substantial peaks eluted between 43.50 and 49.25 min for the A. tumefaciens 
positive control (UL225) supernatant extract and between 33.74 and 35.75 min for the 
C. jejuni NCTC 13255 supernatant extract, correspond with the highest induction 
levels of 13-galactosidase activity, indicating that these fractions contain the highest 
concentration of active compound (Figure 3.3.9 and Figure 3.3.10). These single 
peaks indicate the presence of one main active compound for each extract and the 
different elution times for each of the active fractions suggest that the active 
compounds of the fractions have different hydrophobic properties and thus different 
molecular structures. 
3.4.5.3 LC-MS 
The LC-MS peak identified in all the HPLC-separated active samples suggests a 
potential mass/charge ratio - 340 mlz (Figure 3.3.11). This mass/charge ratio 
corresponds to that of N-hexadecanoyl-homoserine lactone (HDHL), an AHL with the 
molecular formula C20H37NO3 (Figure 3.4.1). HDHL has previously been isolated 
from Rhodobacter capsulatus cultures by Schaefer et al. (2002) and may potentially 
be the active compound present in the C. jejuni NCTC 13255 supernatant. 
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(CH2) 14CH3 
Figure 3.4.1 Proposed structure of the putative AHL 
The Al-IL C201137NO3, which with a mass/charge ratio of - 340 mlz, may potentially 
be the active compound, isolated from the C. jejuni NCTC 13255 supematant extract. 
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3.4.6 Discussion summary 
• All of the C. jejuni isolates tested in the preliminary screen induced levels of D-
galactosidase activity in the A. tumefaciens reporter strain (UL225), greater than 
the level of importance for this study, indicating the presence of an autoinducer-
like active compound(s) in all the culture supematant extracts (Figure 3.3.1). 
• These results highlight the potential for a previously unidentified signalling 
mechanism in C. jejuni (Figure 3.3.1). 
• The decline of -galactosidase activity induction at the end of stationary phase 
and the onset of the decline phase indicates that the levels of the active compound 
present in the supernatants and therefore in the supernatant extracts, may be linked 
to cell density and cell viability (Figure 3.3.4 (a), (b) and (c)). 
Decreasing the % headspace air volume (23 to 10 % (v/v)) had no significant 
effect (p  <0.05) on f3-galactosidase activity induction for any of the three C. jejuni 
isolates, (NCTC 13255, NCTC 11168-OS and NCTC 11168-0), (Figure 3.3.5, 
Table 3.3.2). 
Supplementing BB with lysed horse blood (7.0 % v/v) significantly decreased (p c 
0.05) J3-galactosidase activity induction by extracts from both the C. jejuni 
laboratory isolates (NCTC 13255 and 11168-OS). However, this supplementation 
did not significantly (p < 0.05) affect the j3-galactosidase induction level for the 
extract from the C. jejuni clinical variant, NCTC 11168-0 supernatant, suggesting 
that this variant is more tolerant of the toxic oxygen derivatives and therefore is 
less affected by the changes in their concentrations (Figure 3.3.6, Table 3.3.3). 
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• Supplementing BB with ferrous sulphate (0.2 % w/v), had no significant effect (p 
c 0.05) on the j3-galactosidase activity induction for any of the C. jejuni isolate 
supernatant extracts, concurring with previous research by Bolton et al. (1984a), 
which indicated that ferrous sulphate, is less effective than lysed horse blood at 
neutralising toxic oxygen derivatives (Figure 3.3.6, Table 3.3.3). 
The significant decrease (p c 0.05) in 13-galactosidase activity induction, 
indicating the inactivation of the active compound by incubation with horse 
serum, suggests that the active compound could be an Al-IL (Figure 3.3.8, Table 
3.3.4). However, as the basis of the serum inactivation is believed to be due to the 
presence of a lactonase(s), which hydrolyses the lactone ring (Dong and Zhang, 
2005), there is the possibility that a DKP would also be inactivated by serum. 
Despite being structurally distinct from AHLs, DKPs compete for the same 
binding site and can demonstrate activity in several TraR based bioassays. 
Therefore although these results do suggest that the active compound may be 
Al-IL, they do not completely exclude the possibility that the active compound is a 
DKP and further structural identification is required (Holden et al., 1999; Wolf-
Rainer, 2005). 
• The inactivation of the active compound by horse serum also indicates the 
potential for the targeted disruption of this putative signalling mechanism, which 
may be of particular importance considering that many QS networks have been 
found to regulate virulence genes, including biofilm formation (Figure 3.3.8). 
• The FIPLC separation results indicate the presence of one main active compound 
for both the extract from the A. tumefaciens positive control (UL224) and C. jejuni 
NCTC 13255 (Figure 3.3.9 and Figure 3.3.10). The different elution times for 
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each of the active fractions indicate that the active compounds contained within 
the fractions have different molecular properties and structures (Figure 3.3.9). 
LC-MS analysis indicates that the active compound in the C. jejuni NC1'C 13255 
supernatant extract has a mass/charge ratio of - 340 mJz (Figure 3.3.11) and these 
results combined with those of the Agrobacterium liquid bioassay and the serum 
inactivation assay, suggest that the active compound in this extract may well be an 
AHL, such as HDHL. 
• The combined results of this study provide preliminary evidence of a previously 
unidentified AHL-mediated QS mechanism within the Epsilon Proteobacteria 
class. 
ii:ii 
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4.1 E. coli 
The initial results from this research concur with those of several pilot studies carried 
out at the University of Central Lancashire, Preston, (unpublished data) in that they 
indicate the presence of an active Al compound in all the E. coil blood isolate (UL47, 
UL48, UL49 and UIL51) culture supernatant extracts, as they induced 3-galactosidase 
activity in the Agrobacterium plate bioassay reporter strain UL34. TLC coupled to the 
Agrobacterium plate bioassay was used to separate the active component from the E. 
coil blood isolate, UL5 1, supernatant extract. The Rf value of this fraction was equal 
to that of an A. tumefaciens positive control active fraction, suggesting that it may 
contain similar, if not the same active component(s). However, the lack of replication 
of this result with subsequent UL5I culture supematant extracts has prohibited 
comparison of the UL51 active fraction with synthetic standards, without which it is 
impossible to confirm this result. The preliminary mass spectroscopic data for UL51 
(Figure 2.2.2) indicated one peak of interest (203.4955 in/z) which suggested that the 
active component isolated from theE. coli UL5I culture supernatant extract contained 
an even number of nitrogen atoms. Therefore it was unlikely to be an AHL and may 
have been an alternative active compound such as an autoinducing ueptide (ALP) or a 
DKP (McClean et ai., 1997; Holden et al., 1999). 
The common pathogen Staphylococcus aureus secretes ALPs, regulating virulence 
factors such as capsule and toxin production, via ALP-mediated QS (McDowell et al., 
2001; Dunman a al., 2001; Novick, 2003; Cheung et al., 2004). However, many 
ALPs, including N-acylhomocysteine thiolactone induce violacein production by the 
Chromobacterium plate bioassay reporter strain (LP41) and none of the E. coli 
supernatant extracts induced violacein production (McClean et al., 1997). It is 
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therefore unlikely that the active component isolated from the F. coil blood isolate, 
UL51, culture supernatant extract is an AlP. 
As previously stated, the mass spectroscopic analysis of the active component isolated 
from the F. coil blood isolate, UL51, culture supernatant extracts suggested that the 
active compound was unlikely to be an AHL and may well be a DKP (2.4.3). 
Skwierczynski and Connors (1993) demonstrated that DKPs can be generated via the 
non-enzymatic cyclisation of linear dipeptides at extremes of temperature and pH. 
Therefore DKPs can be formed in microbiological media as a result of the high 
temperatures attained during the sterilisation process. However, extracts of samples 
taken from several batches of sterile A-MOPS growth medium did not induce 3-
galactosidase activity in the Agrobacterium plate bioassay. It is thus possible to 
conclude that the positive results for the F. coii blood isolate supematant extracts 
were due to the bacterium conditioning the growth medium, by producing and 
secreting an active component, rather than the non-enzymatic production of an active 
component. 
These preliminary results indicating putative-DKP production and secretion by the F. 
coil blood isolates are intriguing in that Holden et ai. (1999; 2000), reported that 
many Gram-negative bacteria including P. aeruginosa, Proteus mirabilis, Citrobacter 
frundii, Enterobacter aggiotnerans and E. coii produce DKPs or related molecules. In 
tight of this, the problems experienced in repeating initial results are both 
disappointing and frustrating, especially considering that it is still unclear whether the 
production and release of DKPs by bacteria actually constitutes a QS-signalling 
mechanism (Holden a al., 2000). 
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4.1.1 Reproducibility 
As previously stated the reproducibility issues encountered in this section of the study 
hindered progress with the identification of the active component isolated from the E. 
coil UL5 1 culture supernatant extract. Two different bottles of ethyl acetate were used 
for the extraction process (both from Sigma, HPLC grade). The initial E. coil blood 
isolate supernatant extracts that induced f3-galactosidase activity in the Agrobacterium 
plate bioassay, were produced with the "original bottle" of ethyl acetate whereas the 
subsequent replica E. coil extracts were produced with a different bottle of ethyl 
acetate. However, contamination of the original bottle is unlikely, as the extracts from 
the negative control, A. tumefaciens UL33, and the E. coii laboratory isolates, and 
they all failed to induce -galactosidase activity in the Agrobacterium plate bioassay, 
were produced with the same bottle of ethyl acetate. 
The organic solvent dichloromethane can also be used to isolate QS signalling 
molecules including AFILs and DKPs, (McClean et ai., 1997; Holden et al., 1999; 
Yates et at., 2002). However, none of the dichloromethane or the subsequent ethyl 
acetate produced extracts from any of the replica E. coii culture supematants induced 
13-galactosidase activity in the Agrobacterium plate bioassay, indicating that the 
inconsistent results and failure to produce additional active fractions were unlikely to 
be due to problems with the extraction procedure. 
The experiment involving cell breakage using a French press indicated that the 
reproducibility issues were not a result of the active component remaining inside the 
bacterial cells and therefore being discarded with the pellet. 
As the reporter strain was still responding appropriately to the A. tumefaciens positive 
and negative control supematant extracts, it is reasonable to conclude that the 
reproducibility issues were unlikely to be due to mutation of the reporter strain. It is 
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possible that the E. coil blood isolates, which originally had a low-passage level, had 
adapted to the idealised conditions of the laboratory and in doing so had lost the 
ability to produce the active component initially isolated at the start of the study and 
in several pilot studies at the University of Central Lancashire, Preston. Although 
stocks of IJLSI and the other blood isolates were available from the University of 
Central Lancashire culture collection, new freeze dried vials had recently been 
prepared from fresh cultures and they may have carried the mutation. Thus, it was 
therefore impossible to resolve the basis of the irreproducibility. 
The replica E. coil blood isolate supernatant extracts were also tested for active 
component production with the highly sensitive Agrobacterium liquid culture 
bioassay using the A. zutnefaciens reporter strain, UL225. Additional clinical E. coil 
(urine) isolates were obtained, and screened along with E. coil blood isolate and 
laboratory strain supernatant extracts. None of the E. coil urine isolate supernatant 
extracts or the extracts from the E. ccii laboratory isolate UL27 and UL56 culture 
supernatants, induced -galactosidase activity in the Agrobacterium liquid culture 
bioassay. The very low levels of 3-galactosidase activity induced by the E. coil blood 
isolates UL47 and UL51 supernatant extracts and the E. coii laboratory isolates LP50 
and UL52 supernatant extracts, indicate that very low/negligible levels of active 
component were being produced and secreted by these isolates. Without additional 
samples of the active component it was not possible to proceed any further with this 
section of the study. 
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4.2 E. coli and C. jejuni 
Both E. coli and C. jejuni are Gram-negative, enteric, foodborne pathogens capable of 
causing serious GI disease and even death. Unsurprisingly, as natural inhabitants of 
the GI tract of many animals, E. ccli and C. jejuni are widely distributed throughout 
the environment and therefore both food and water supplies are susceptible to 
contamination. The genome of sequences of several strains of C. jejuni and E. ccli 
have been published (Blattner et al., 1997; Parkhill et al., 2000; Pema a uI., 2001; 
Welch a ui., 2002; Fouts a al., 2005). C. jejuni has a relatively small genome 
(approximately 1600 - 1700 kb), when compared with that of Escherichia ccli 
(approximately 4500 kb) (Bergthorsson and Ochman, 1998; Parkhill a al., 2000; 
Dobrindt, 2005; Fouts a at., 2005). E. ccli possess a LuxR homologue termed SdiA 
which binds specific Al-IL Al molecules when a threshold concentration is attained. 
However, no E. coli strains have, as yet, been found to produce these AHLs and 
analysis of the genome sequence of C. jejuni has indicated that it does not contain any 
gene predicted to encode an AHL synthase (Elvers and Park, 2002; Williams, 2006). 
4.3 C. jejuni 
All of the C. jejuni isolate supernatant extracts tested in this study induced 3-
galactosidase activity in the A. tumefaciens reporter strain, UL225 (Figure 3.3.1). 
These results highlight the potential for the production and secretion of an Al-like 
active compound by C. jejuni and provide preliminary evidence of a previously 
unidentified signalling system in this organism. 
Comparison of culture growth (cell density) with induction levels of 3-galactosidase 
activity for C. jejuni NCTC 11 168-GS and 11168-0 supernatant extracts suggest a 
link between cell density and active compound production (Figure 3.3.4 (a) and (b)). 
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The sudden decline in the levels of putative Al-IL seen in C. jejuni NCTC 11 168-GS 
and 13255 is characteristic of many QS systems where it has been linked to both 
enzymatic and pH influenced chemical degradation of AHL (Figure 3.3.4 (a) and (c)) 
(Yates et al., 2002). 
4.3.1 Oxygen Tolerance 
The liquid growth medium BB is specifically designed to aid recovery of injured C. 
jejuni cells. This growth medium contains the oxygen quenchers, haemin, sodium 
metabisulphite and sodium pyruvate. Therefore the use of this growth medium in a 
small vessel with a reduced headspace avoids the need for a microaerobic atmosphere 
when culturing Campylobacter spp. (Bolton a al., 1984a; Bolton et al., 1984b; 
Humphrey 1990; Cony a al.; 1995). When the volume of headspace air was 
decreased from 23 % to 10 % there was no significant change (p c 0.05) in the 
induction of 3-galactosidase activity in the Agrobacterium liquid culture bioassay by 
the extracts derived from any of the three C. jejuni isolate (NCTC 13255, NC'FC 
11168-OS and NCTC 11168-0) culture supematants (Figure 3.3.5, Table 3.3.2). 
BB is frequently supplemented with lysed horse blood, which acts to prevent the build 
up of toxic oxygen products that may hinder Campylobacter growth. The effect of 
supplementing C. jejuni cultures with lysed horse blood (7.0 % v/v) on the induction 
of -galactosidase activity by C. jejuni culture supematant extracts was assessed with 
the Agrobacteriuin liquid culture bioassay. A significant decrease (p c 0.05) in I-
galactosidase activity induction was observed for the C. jejuni laboratory isolate, 
NCTC 13255 and 11 168-OS, supplemented culture (7.0 % (v/v) horse blood) 
supernatant extracts. No significant effect (p c 0.05) on 3-galactosidase activity 
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induction was observed for C. jejuni NCTC 11168-0, the clinical isolate 
supplemented culture supernatant extract (Figure 3.3.6). These results suggest that C. 
jejuni NCTC 11168-0 is more tolerant to toxic oxygen derivatives. 
The results for C. jejuni laboratory isolates (NCTC 11168-OS and 13255) suggest that 
the addition of blood and therefore the neutralisation of the toxic oxygen derivatives 
significantly reduces (p  <0.05) active molecule production, whereas a decrease in % 
headspace air (v/v) does not sufficiently affect the levels of dissolved oxygen, so a 
significant change (p .c 0.05) in the levels of active component production was not 
observed. These results indicate that C. jejuni NCTC 11168-0 (the clinical variant) is 
more tolerant to toxic oxygen derivatives than the C. jejuni laboratory strains, NCTC 
11168-OS and NCTC 13255. C. jejuni is a microaerophile rather than a strict 
anaerobe and as such requires oxygen for DNA synthesis and as a terminal electron 
acceptor for respiration but cannot neutralise the toxic oxygen derivatives produced 
(Sellars et al., 2002). Previous research has indicated that C. jejuni is incapable of 
growth during anoxia and that neither C. jejuni NCTC 11168 variant grows well 
under severely oxygen-limited conditions (Sellars et al., 2002; Gaynor et al., 2004). 
Therefore a balance is required to ensure on one hand sufficient oxygen for energy 
production and to satisfy normal cellular processes, whilst on the other hand limiting 
the levels of toxic oxygen derivatives which are obviously detrimental to the cell. As 
the ability of Cainpylobacter spp. to utilise alternative electron receptors for 
respiration under highly restricted oxygen conditions, varies with both strain and 
isolate, it is highly likely that this balance between minimising the production of toxic 
oxygen derivatives and optimising the levels of oxygen for energy production, will 
also vary (Pearson et al., 2003). 
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Despite the naturally relatively low levels of dissolved oxygen in liquid medium and 
the decrease in the % headspace air volume, the dissolved oxygen levels seem to be 
sufficient to support growth in all the experiments, indicating that neither of the % 
headspace air volumes induced severely oxygen limited conditions (Morris, 1976; 
Mohammed et al., 2005). However, the change in the % headspace air volume will 
have affected the dissolved oxygen levels in relation to the optimum level for each C. 
jejuni strain, which in turn affects the dissolved oxygen/toxic oxygen derivative 
balance and therefore the levels of active molecule production. 
Additional consideration must be given to the interpretation of these results in that the 
decrease in the % headspace air volume will not only decrease the level of dissolved 
oxygen available, but may also decrease the level of toxic oxygen derivatives in the 
medium. Interestingly different manufacturers of medium constituents, such as 
tryptone, are now known to affect oxygen tolerance in C. jejuni and the presence of 
nutrients (dissolved mineral salts, amino acids and peptides), in biological media 
affects the subsequent levels of dissolved oxygen (Hodge and Krieg, 1994). 
Therefore, supplementing a medium with lysed horse blood (7.0 % v/v) or ferrous 
sulphate (0.2 % w/v) will also affect the level of dissolved oxygen and, although these 
supplements are generally considered to act as a detoxifying agents rather than 
enrichment factors, they may also potentially provide additional nutrients for the 
bacteria so affecting the level of active compound produced (Bolton et al., 1984a; 
Ivanova etal., 1985; Mohammed etal., 2005). 
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Furthermore, according to Krieg and Hoffman (1986), the protective effect of a deep 
layer of broth may also be an important factor for growth during aerobic incubation. 
All of the C. jejuni cultures (both laboratory and clinical isolates) formed a substantial 
bioflim towards the bottom of the culture vessel (Appendix 3, Figure A3.3). This may 
have been due to the effects of gravity, but C. jejuni is highly motile and aerotaxis 
(chemotaxis with oxygen/air as a stimulant) has previously been observed in C. jejuni 
(Hazeleger et al., 1998). The biofilm formation may therefore indicate that C. jejuni 
was positioned for the most appropriate oxygen levels within the culture vessel. 
Bolton et al. (1984a) demonstrated that although supplementation with ferrous 
sulphate (0.025 % w/v) helps to prevent the formation and build up of toxic 
substances, it is less effective than lysed horse blood as it does not completely 
neutralise all the toxic products. Therefore the effect of ferrous sulphate 
supplementation (0.2 % w/v) of the growth medium on 3-galatsosidase activity 
induction was also assessed. No significant change (p c 0.05) in j3-galactosidase 
activity induction, in comparison with extracts derived from unsupplemented BB 
cultures, was observed for any of the three of the C. jejuni isolates tested (Figure 
3.3.6). Intriguingly, Ulitzur and Dunlap (1995), demonstrated that both iron and 
oxygen limitation lead to the early induction of V. flscheri luminescence and a link 
between QS and iron/oxygen regulation has also been established for P. aeruginosa 
(Kim et al., 2005). In light of these studies, the negligible effect of ferrous sulphate 
supplementation and the various effects of culture supplementation (7.0 % horse 
blood) on active compound concentration in the supernatant extracts is particularly 
interesting. 
The results of this study confirm that BB in a closed vessel with a restricted 
headspace (either 23 or 10 % v/v) provides a suitable environment for the growth of 
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the C. jejuni strains used in this study. Previous aerobic liquid culture studies by Tran 
(1998) and Mohammed el al. (2005) have also indicated that a restricted headspace air 
volume of 50 % v/v for brain heart infusion broth and 16 - 17 % v/v for blood free 
enrichment broth can also sustain C. jejuni growth. Mohammed et al. (2005) also 
demonstrated that such culture conditions did not affect the growth rates, protein 
profiles or substrate utilisation, when compared with cells grown under anaerobic 
conditions. The results of altering the % headspace air volume experiments from this 
study indicate that for all three C. jejuni isolates, (NCTC 11168-0, 11 168-GS and 
13255) changing the % headspace volume does not significantly affect (p c 0.05) 
active component production (Table 3.3.2). Although these studies utilise different 
media and toxic oxygen derivative quenching agents, the results still indicate that it is 
of vital importance that the % headspace air volume (v/v) and concentration/type of 
supplementation of any C. jejuni culture, is conserved throughout and between any 
experiments. 
4.3.2 The plasmid theory 
Analysis of the C. jejuni NCTC 11168 genome sequence has indicated that it does not 
contain any genes predicted to encode any known AHL synthase and therefore is 
assumed unlikely to produce AHL-based signalling molecules (Elvers and Park, 2002; 
Park, 2005). Many studies have indicated that a significant proportion of C. jejuni 
strains harbour plasmids, some of which are cryptic, raising the possibility that the 
synthase gene that encodes the production of this putative AHL, may be plasmid 
based (Austen and Trust, 1980; Taylor etal., 1981; Bradbury etal., 1983; Bopp etal., 
1985; Bradbury and Munroe, 1985; Sagara et al., 1987). However, as both the C. 
jejuni NCTC 11168 strains seem to produce the active compound, yet do not contain a 
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plasmid, the synthase for the active molecule, for these two variants at least, cannot be 
plasmid encoded (Gaynor et al., 2004). Therefore if the active compound is an AHL 
there must be a novel, unidentified, AHL synthase present in the C. jejuni NC1'C 
11168 genome. 
4.3.3 Implications in context 
The protective effect of blood supplementation upon C. jejuni may have implications 
for survival of C. jejuni in aerobic environments such as the kitchen, the slaughter 
house or in meat products potentially leading to prolonged survival of C. jejuni. This 
in turn would increase the potential for cross-contamination of previously 
uncontaminated chicken products (in the slaughter house) or other foods (in the 
domestic kitchen) and its subsequent delivery to the GI tract. The effect of blood 
supplementation of the growth medium and changes in the % headspace air volume 
on active component production, may well have implications with regard to these 
aerobic environments, providing some strains with a selective advantage in specific 
ecological niches. It is therefore of vital importance that research elucidates as much 
detail as possible about the QS mechanisms of this pathogen and the roles that they 
may play in virulence factor regulation. This knowledge is particularly important 
considering the prevalence of antibiotic resistant strains infecting commercial poultry 
flocks and therefore the potential for the entry of these strains into the food chain 
(Humphrey et al., 2005). 
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4.4 Generalisation between clinical and laboratory acclimatised bacterial 
variants 
Both E. coli and C. jejuni are enteric pathogens that colonise the GI tract and can exist 
as commensals in a symbiotic relationship with the host or as pathogens resulting in 
disease. As previously stated AHL-mediated QS systems have been identified in 
many Gram-negative bacteria and as such AH.L-mediated QS should not be assumed 
absent from Campylobacter spp.. Pathogenic and commensal variants of these two 
bacterial strains vary immensely as demonstrated in this study and by Gaynor et al. 
(2004). Therefore the failure to identify a QS system in a laboratory isolate should not 
automatically exclude the possibility of the presence of a QS system in a commensal 
or pathogenic isolate. 
The initial screening procedure using the Agrobacterium plate bioassay indicated that 
under the stated conditions, the F'. coli blood isolates were capable of producing and 
releasing compound(s) that induced 3-galactosidase activity in the reporter strain, 
U134, whereas the laboratory E. coli isolates did not. Although the 48 It supernatant 
extracts from the clinical and laboratory variants of C. jejuni NCTC 11168 cultures 
induced comparable levels of 3-galactosidase activity in the Agrobacterium liquid 
culture bioassay, the overall profile of active molecule production by these two 
isolates differed with time, and media supplementation (7.0 % lysed horse blood 
(vlv)). Therefore the generalisation of results between clinical isolates and laboratory 
isolates would at least be misleading and potentially incorrect. 
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4.5 Closing statement 
Whilst there is no denying the enormous amount of information that a completed 
genome sequence can provide, it is equally important that researchers do not lose 
sight of the fact that a large percentage of proposed genes in any given sequence have 
either been assigned putative (purely speculative) functions or quite simply have been 
catergorised as "function unknown". The study of QS has expanded at a phenomenal 
rate going through the three phases every novel scientific idea is said to pass:-
disbelief, belief but under-appreciation, and finally belief, combined with an 
understanding of importance but a lack of novelty (Harold, 1986; Greenberg, 2003). 
However, it is vital that researchers do not forget the novelty of the original discovery 
of QS or the mistakes of previous research and fail to learn from them. The 
assumption that all bacteria that possess luxS are capable of QS is a misnomer. Of the 
many bacteria that do possess this gene, only the Vibrio spp. have a defined 
mechanism. This does not mean that the mechanisms do not exist in other bacterial 
species, just that they have not yet been fully characterised. Equally the assumption 
that the failure to identify a gene known to encode an AFIL synthase in many bacteria, 
including E. coli and C. jejuni, proves that these bacteria are incapable of producing 
AFIL, is foolhardy and as such, may hinder the progress of QS research and the full 
understanding of the virulence potential of these pathogens. As previously stated a 
completed genome sequence does provide a wealth of information about any given 
organism, but it is vital that additional, more basic, traditional research methods are 
also applied to enhance the understanding of the genomic sequence and to prevent the 
assumption of effors. This study has provided some novel information regarding AHL 
production and preliminary evidence of a previously unknown QS system within C. 
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jejuni. It may therefore indicate the potential for other unrecognised QS systems in E. 
coli and many other bacteria throughout the microbial world. 
CHAPTER 5 
Future Work 
Future Work 	 Sarah J Carmichael 
5.1 Structural identification 
This study has highlighted the potential for QS molecule production (be it a DKP or a 
previously unidentified compound) by E. coli and the potential for differences in its 
production between laboratory organisms and those isolated from infections of 
humans (urine and blood isolates). There remains a pressing need for a large scale 
screening programme of clinical E. coli isolates, more specifically blood isolates, 
employing a wide range of bioassays (preferably including the three bioassays used in 
this study) in an attempt to isolate any active molecules produced. This work would 
very much mirror the work of Cha et al. (1998) who used TLC coupled to an A. 
tumefaciens reporter bioassay system, to test 106 isolates from seven genera of plant-
associated Gram-negative bacteria for AHL production. 
Although this study has isolated a putative AHL produced by all the C. jejuni strains 
tested, confirmation of its molecular structure is still required. Chemical structures of 
any active compounds isolated can be assigned via spectroscopic properties. As 
previously stated mass spectrometry detects even picomoles of samples and can be 
coupled to HPLC or GC. Nuclear magnetic resonance spectroscopy (NMR) is also a 
valuable tool for identifying structures of active compounds as the hydrogen and the 
carbon atoms in the structure will resonate at different chemical shifts, depending 
upon their environment. They will also appear as singlet, doublet, triplet etc. by 
coupling to the neighbouring nuclei. Holden et al. (1999) used high resolution 
lectron impact rnass spectrometry (EI-MS) to identify the structure of several DKPs 
produced by P. aeruginosa and Degrassi et al. (2002) used NMR to elucidate the 
structure of four DKPs produced by Pseudomonas putida WCS358. Bainton et al. 
(1992) also used El-MS and NMR to identify the structure of the antibiotic regulating, 
E. carotovora AHL (N-(3-oxo-hexanoyl)-L-homoserine lactone). 
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Additional techniques that can be employed in structural analysis include jnfrared 
pectroscopy (IIR), which Zhang et al. (1993) used to identify the functional groups of 
001-IL from A. tumefaciens, and matrix-assisted laser desorption ionisation-time of 
flight mass spectroscopy which Huang et al. (2006) used to identify a novel AHL 
acylase from P. aeruginosa strain PAOI. Final confirmation of the structure can be 
obtained via the comparison of the spectrometric properties of the natural active 
compound and a chemically synthesised version. 
As analysis of the genome sequence of C. jejuni NCTC 11168 has indicated that it 
does not contain any genes predicted to encode any known Al-IL synthase, 
identification of the synthase and receptor protein for the AHL-like molecule isolated 
from the C. jejuni culture supernatant extracts is also vital, as is the experimental 
determination of the genes regulated by this potential QS system. The combination of 
this data with the identification of the synthase and the receptor protein would then 
enable a screening programme for genes regulated by this QS mechanism (Whiteley 
etal., 1999). 
5.2 QS in pathogens 
The further study and characterisation of QS mechanisms and the genes that they 
regulate in pathogens such as C. jejuni and E. coli, would enhance the understanding 
of how these microorganisms survive a variety of extreme environments and induce 
disease in host systems. Research involving mixed cultures would also provide insight 
as to how QS mechanisms and the genes they regulate, influence competition and 
survival in habitats such as the GI tract where numerous bacterial species are present. 
A better understanding of cross-species and cross-kingdom signalling within host 
systems such as the 0! tracts or the lungs would also be of great interest. This work 
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would have implications for medical research with specific regard to the prospect of 
quorum quenching as a mechanism for the prevention of infection through virulence 
factor production inhibition, and the inhibition of bioflim formation which could 
potentially reduce antibiotic resistance and long-term colonisation. 
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Appendix 1: Growth media, antibiotic and indicator stock solutions and Z buffer 
A1.1 Reagents 
All chemicals were purchased from Sigma-Aldrich Company Ltd (Poole, Dorset, UK) 
or VWR International (Lutterworth, Leicestershire, UK) unless otherwise stated. 
Table Al.!: Supplied growth media 
Medium Method 
Nutrient Broth No. 2 Culture conditions (2.2.4) 
Nutrient Agar a Chromobacterium plate bioassay (2.2.7.1) 
Agar Bacteriological (Agar No. i)a  Agrobacterium plate bioassay (2.2.7.2) 
Brain Heart Infusion Broth a C. jejuni strains and culture conditions (3.2.4) 
Blood Agar Base Medium a b C. jejuni strains and culture conditions (3.2.4) 
Bolton Broth at' C. jejuni strains and culture conditions (3.2.4) 
Supplied growth medium was prepared as instructed by the supplier and autoclaved 
for 20 minutes at 15 psi (121°C). 
a Supplied by Oxoid Ltd., Basingstoke, Hampshire, UK. 
b Once autoclaved the medium was stored at 4°C in the dark. 
Table A1.2: Concentrations of ABMM components (adapted from Chilton etal., 
1974) 
Component Formula g/l 
D (+) -glucose C4711206 2.00 
Potassium hydrogen phosphate a K21-1PO4 3.00 
Sodium dihydrogen orthophosphate a NaH2PO4 1.00 
Ammonium chloride NH4CI 1.00 
Magnesium sulphate MgSO4.717120 0.30 
Potassium chloride KCI 0.15 
Calcium chloride CaCl2.21 ­120 0.01 
Iron (II) sulphate a FeSO4.21 ­120 2.5 x 
Yeast extract b N/A 1.00 
Components were made up with ddH20, adjusted to pH 7.2 with NaOH and 
autoclaved for 20 minutes at 15 psi (121°C). 
a Supplied by BDH Laboratory Supplies, Poole, UK. 
b Supplied by Becton, Dickinson and Company, Sparks, USA. 
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Table A 1.3: Concentrations of ATMM components (adapted from Fuqua and 
Winans, 1994) 
Component Formula WI 
Potassium dihydrogen orthophosphate a KH2PO4 10.70 
Magnesium sulphate MgSO4.7H20 0.16 
Calcium chloride CaC12.21 ­120 0.01 
Iron (II) sulphate FeSO4.7H20 5 x 10 3 
Manganese sulphate MnSO4.H20 1.13 x 10 
Ammonium sulphate (NIH4)2SO4 2.00 
D (+) -glucose C6H1206 5.00 
Components were made up with ddH20, adjusted to pH 7.2 with NaOH and 
autoclaved for 20 minutes at 15 psi (12 1°C). 
a Supplied by BDH Laboratory Supplies, Poole, UK. 
FM 
Table A1.4: Concentrations of A-MOPS growth medium components (adapted 
from Neidhardt et al., 1974) 
Component Formula gil 
MOPS C7H15N04S 8.36 
Tricine C6H3N05 7.16 x 10' 
Sodium chloride NaCl 2.92 
D (+) -glucose C61`11206 3.50 
Potassium sulphate K2SO4 0.05 
Magnesium chloride MgCl2.6H20 0.11 
Ammonium chloride NH4CI 0.51 
Potassium hydrogen phosphate a K2HPO4 0.23 
Trace element solution ' N/A 0.50 ml 
Components were made up with ddH20 and adjusted to pH 7.4 with NaOH. The 
components were all autoclaved together for 20 minutes at 15 psi (121°C), unlike the 
instructions stated by Neidhardt etal. (1974). 
Supplied by BDH Laboratory Supplies, Poole, UK. 
"As detailed in Appendix 1, Table A 1.5. 
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Table A 1.5: Concentration of trace element solution components for AMOPS 
growth medium 
Component Formula g/l 
Ammonium paramolybdate (N}i)6Mo70 8.00 x i0 
Boric acid H3Bo3 0.05 
Cobalt chloride a CoCl2.61 ­120 1.43 x 10.2 
Copper sulphate CuSO4.51 ­120 5.00 x 10 
Manganese chloride MnCl2.4H20 3.20 x 10-2 
Zinc sulphate a ZnSO4.7H20 6.00 x 10-3 
Calcium chloride CaCl2.41 ­120 1.47 x 10 - ' 
Iron (II) sulphate a FeSO4.71 ­120 5.56 
Components were made up with ddH20, and stored at 20°C. 
a Supplied by BDH Laboratory Supplies, Poole, UK. 
Table A1.6: Antibiotic stock concentrations 
Antibiotic Solute mg/mi 
Gentamicin ddH20 10 & 100 
Kanamycin ddH20 50 
Spectinomycin ddH20 10 & 100 
Tetracycline Ethanol:ddH20, 50:50 1.50 
All antibiotic stock solutions were filter sterilised through 0.2 tm filters and stored at 
-20°C. 
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Table All: Indicator stock solutions 
Indicator Solvent mg/mi 
5 '-bromo-4-chloro-3-indoyl--D- Dimethyl formamide 40 
galactopyranoside (X-GAL) a b 
o-nitrophenyl--D-galactoside (ONPG) Z buffer (Table A1.8) 4 
a!, 
a Light sensitive. 
Freshly prepared when needed, although it could be stored at -20°C for a maximum 
of 7 days. 
Table A1.8: Concentrations of Z buffer components (Miller, 1992) 
Component Formula g/l 
Sodium hydrogen phosphate Na2HPO4.7H20 16.10 
Sodium dihydrogen orthophosphate a NaH2PO4 4.80 
Potassium chloride KCI 0.75 
Magnesium sulphate MgSO4.71-120 2.46 5 x 101 
13-mercaptoethanol HSCH2CH20H 2.70 ml 
Components were made up with ddH20, adjusted to pH 7.0 with NaOH, filter 
sterilised (0.2 jim) and stored at 4°C for a maximum of 28 days. 
a Supplied by BDH Laboratory Supplies, Poole, UK. 
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Appendix 2: Additional method details 
A2.1 FeSO4.7H20 calculation 
• Haemoglobin (Hb) is a tetramer (made up of four identical units). 
• Each unit has 1 atom of iron. 
• The atomic weight of a haemoglobin molecule is -64000. 
• The atomic weight of iron is 56.85. 
Mass of Fe / Mass of Hb x 100 = % of iron in Hb 
0.35 % 
• '/3 of red blood cells (RBC) is Hb. 
44 % of blood is RBC. 
So '4 of the44 %isHb. 
Therefore 	 44% /3 of the blood is Hb = 15 % of blood is Hb. 
So 	 15 % (Hb) of the 7 % (horse blood supplement) is Hb. 
1.05 % 
So 0.35 % x 1.05 % = Amount of iron added... 
0.0035 x 0.0 105 = 3.675 x 10 5 for HUMAN BLOOD 
• HORSE BLOOD contains - 10 x Hb 
Therefore 
3.675 x 10 x 10 = 3.675 x 10 
= 3.675 x 10.2 % of horse blood supplement is iron. 
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Table A2.1 Controls prepared for each crude extract during the Agrobacterium 
liquid culture bioassay 
Control Media Composition UL225 
Extract control Extract + double strength ATMIM No inoculum 
Water control Water + double strength ATMM No inoculum 
Inoculum control Water + double strength ATMM With inoculum 
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A2.2 LC-MS SIM 
Program File: 1151. SIN 340 
	 Cocanda, Page 1 01 1 
Operator: 	 MarkPowell 	 Printed: 08-Feb-06 8:38:16 All 
Title: 	 FISt SIN 340ra/z 
Oatasource: LAB_local 
Location: 	 Quay Sequences\lIS\QP060206LCMSIA.sEo 	 Created: 02-Feb-06 1:57:04 P14 by tlarkpowell 
Tjmeba,e: 	 Aqe 	 Changed: 03-Feb-06 8:41:08 All by IlarkPowell 
Temperature. Nominal = 
Temperature. LowerLimit - 
Temperature. UpperLimit - 
Pressure. LowerLimjt 
PressureupperLimit - 
%A.Equate = 
%B.Equate = 
%C.Equate - 
%D.Equate 
Range = 
Smoothing = 
-6.000 Flow = 
= 
= 
= 
0.000 wait 
Inject 
RELAY1050S1 .On 
RELAY1050S2 . On 
= 
- 
40.000 : 
	 nif 
= 
= 
Flow - 
End  
30 
15 
50 
0 
300 
"Water + 0.02% formic acid" 
"Methanol + 0.02% formic acid" 
10 
None 
0.800 
100.0 
0.0 
0.0 
MS. Ready 
Duration=0.10 
Duration=0.10 
100.0 
0.0 
30.0 
70.0 
0.800 
Cbromeleon C Dionex Corporation, Veraion 6.50 Sn Build 1000 
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Program File: 1451. 51K 340 	 Finnigan AQA, Page 1 of 1 
Operator: 	 )earkPowell 	 Printed: 08-Feb-06 8:38:16 AN 
Title: 	 HSL SIN 340m/1 
Datasource: LAB local 
Location: 	 Quay Sequence5\14S\QP060206LCI4S1A.SEQ 	 Created: 02-Feb-06 4:57:04 P34 by NarkPowell 
Tiruebase: 	 Ago 	 Changed: 03-Feb-06 8:41:08 All by MarkPowell 
General Details 
Method Type: AQA 
Method Version: 2 
Ionization_Mode Settgs 
Ionization Mode: Electrospray 
Probe Temperature Celsius): 380.0 
Tune rile: D:\Xcalibur\methods\HSL.tun  
A53uisitlon Settings 
Acquisition Type: SIN 
Retention Window 1 
Start Time (ruin): 0.00 
End Time (ruin): 60.00 
Polarity: 'ye 
Points per Second: 1.00 
Mass AQAnax IV) 	 Dwell Time 	 Mass Span 
340.00 	 30 	 1.000 	 0.50 
Event Control 
Stop acquiring after (ruin): 40.0 
Chromeleon C Dionex Corporation. version 6.50 5P4 Build 1000 
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Appendix 3 Additional results 
Table A3.1 C. jejuni isolate optical density (OD600 run) 
Strain/isolate 
number (NCTC) 
0D45o SD 
11168-GS 0.124 0.005 
11160-0 0.141 0.004 
13254 0.138 0.005 
13255 0.113 0.008 
13256 0.131 0.003 
13257 0.126 0.004 
13258 0.116 0.007 
13259 0.138 0.008 
13260 0.141 0.008 
13261 0.132 0.006 
13262 0.117 0.006 
13263 0.129 0.008 
13264 0.135 0.004 
13265 0.116 0.006 
13266 0.122 0.003 
Data are mean ± standard deviation, (n = 3). 
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Table A3.2.1 Growth Curve Data C. jejuni NCTC 13255 
Time (h) Replicate 1 Replicate 2 Replicate 3 Mean SD 
3 0.023 0.040 0.032 0.032 0.009 
6 0.029 0.039 0.040 0.036 0.006 
21 0.089 0.116 0.088 0.098 0.016 
24 0.086 0.135 0.095 0.105 0.026 
27 0.090 0.131 0.099 0.107 0.022 
30 0.110 0.121 0.112 0.114 0.006 
48 0.121 0.102 0.116 0.113 0.010 
51 0.104 0.134 0.167 0.135 0.032 
54 0.160 0.151 0.126 0.146 0.018 
72 0.335 0.205 0.393 0.311 0.096 
75 0.402 0.371 0.427 0.400 0.028 
78 0.413 0.368 0.398 0.393 0.023 
96 0.261 0.196 0.174 0.210 0.045 
99 0.164 0.225 0.207 0.199 0.031 
Table A3.2.2 Growth Curve Data C. jejuni NCTC 11168-CS 
Time (h) Replicate 1 Replicate 2 Replicate 3 Mean SD 
3 0.041 0.042 0.048 0.044 0.004 
6 0.049 0.040 0.039 0.043 0.006 
21 0.064 0.082 0.093 0.080 0.015 
24 0.105 0.090 0.128 0.108 0.019 
27 0.091 0.124 0.133 1 	 0.116 0.022 
30 0.109 0.129 0.126 0.121 0.011 
48 0.109 0.140 0.124 0.124 0.016 
51 0.295 0.306 0.202 0.268 0.057 
54 0.309 0.364 0.308 0.327 0.032 
72 0.454 0.333 0.553 0.447 0.110 
0.521 75 0.401 0.516 0.479 0.068 
78 0.498 0.421 0.483 0.467 0.041 
96 0.362 0.286 0.233 0.294 0.065 
99 0.224 0.182 0.207 0.204 0.021 
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Table A3.2.3 Growth Curve Data C. jejuni NCTC 11168-0 
Time (h) Replicate 1 Replicate 2 Replicate 3 Mean SD 
3 0.040 0.039 0.044 0.041 0.003 
6 0.048 0.047 0.052 0.049 0.003 
21 0.091 0.102 0.086 0.093 0.008 
24 0.090 0.103 0.100 0.098 0.007 
27 0.109 0.112 0.104 0.108 0.004 
30 0.135 0.147 0.117 0.133 0.015 
48 0.128 0.132 0.164 0.141 0.020 
51 0.150 0.225 0.205 0.193 0.039 
54 0.252 0.231 0.366 0.283 0.073 
72 0.419 0.495 0.364 0.426 0.066 
75 0.451 0.462 0.382 0.432 0.043 
78 0.483 0.417 0.473 0.458 0.036 
96 0.610 0.573 0.630 0.604 0.029 
99 0.480 0.537 0.544 0.520 0.035 
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Figure A3.2: Appearance of a C. jejuni NCTC 13255 culture after 96 h of growth 
This photograph of C. jejuni NCTC 13255 culture shows the clumping and 
attachment of the culture to the bottom of the culture vessel. 
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All of the C, je'juni i schates tested In titis study 
Induced -gatactosidase in the reporter strain, 
auggesting the presence of a putative NIL within the 
crude extracts and therelore the conditioned medium 
(Figure 1), 
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Flotire I: -gatactoeidasa activity (in Miller units) 
Induced by crude extract from 3 isolates 04 C. jejuni 
after 24, 49 and 96 In at 37'C in Solton broth. Data 
are the mean ± standard deviation. n .3. 
I Stoat 	 estatitatij 
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Ice 
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lms 	 ittecs 	 tttu&o 
Floure 2: frgatactnddase activity (in Miller units) 
induced by serum-treated crude extract from 3 
isolates of C. fe/un? after 48 hat 37t in Bofton broth. 
Data are the mean ± standard deviation. n = 3. 
Aetna 3: HPLC trace of concentrated crude extract 
from C. fe/un? NCTC 13255 (48 hat 37t in Bolton 
broth), showing a substantial peak Suted between 
3175 and 35.75 nan that corresponds to reporter 
strain stirrtrtetory activity. 
The ability of the conditioned medium crude extracts to 
induce the lea fusion In the reporter sirain (Figure 1) 
suggests putative NIL production in the C. jejwti 
strains tested. 
Each C. jo/un? strain tested exttibits a unique induction 
profie; 
For C. jo/wi? NCTC 13255 Ievets of Induction 
appear to remain constant for both the 24 and 48 
crude extracts, whereas the 96 h crude extract 
resatts suggest a large decrease I. induction levels. 
Induction levels for C. jo/un? NCTC it 168-OS 
appear to increase between 24 and 48 h but 
subsequently decrease to a sinitar level as the 24 
h crude extract by 96 h. 
Like NCTC 1116845, C. jo/rat? NCTC 11168-0 
Induction levels appear to lncraase befween 24 ON 
48 h. However, there Is no subsequent decrease In 
induction at 96 It 
As v.sIt as a ja/uo? NCTC 11168.0 and 11168-OS 
esttibiting ditfereni virulence profiles (I],  Figure 1 
suggests that they also display different Sac2 fusion 
induction profiles. 
The 48 h crude extracts incubated with horse serum for 
F 
 t2happearloshowlowerlevelsofinductlon0the 
SecZ fusion, suggesting that the active ntecute, the 
putative NIL has been Inactivated (FIgure 2). 
There seerm to be little difference in the levels of 
Inactivation between the 3 C. jo/uni isolates tested 
(fIgure 2), suggesting that the concentration and 
structure of the active rtdjle is sirmilar. 
F 
 Figure 3 shows e substantial peak elutad between 
33.75 and 35.75 rrin which corresponds to reporter 
strain stinailatory activity. 
The results of this study indicate putative NIL 
production by several isolates of C. fe/org including the 
genome sequenced strain NCTC it 168. provIding 
F prelirrinary evidence that NIL-mediated OS is present 
in the Epsilon P,ow.0a4cf941 class. 
Further wont wilt Include MS'HPLC analysis of the 
HPI.0 Isolated active fractions to detentine the 
1k structure ol the active ndecule, 
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Campj4obacler jojuni is a ubiquitous corrrenaal organism 
of livestock, dornesticMld anlnts. birds and poultry. It is 
the predoninant cause of gastrolniestinal infection in the UK 
and is the principle infectious agent associated with the 
devalopnwnt of the acute dernyeilnating pclyneuropathy, 
Quorum sensing (OS) niecfxanisrns enable bacteria to 
regulate density-dependent gene expression by the 
production, secretion and binding of small cherTticals such 
as acyl-hontaedne lactone (NIL), known as autcinducers. 
NIL rredlated OS was otiginaty prorroted as a widespread 
phenomenon in Gram-negative bacteria. However no 
known AHL producing bacteria are present in the Epsilon 
Profaol,. cteda class which contains C. jejuni. 
Synthesis of a second group of autoinducer is dependent 
upon the Lots enzyme In rrany bacteria. The genome 
sequence of C. jejunf WCTC 11168 contains a gene 
encoding an onhclo,e of LosS but does not contain genes 
predicted to encode any known At-IL synthetase. This is 
surprising as the nmority of NIL OS systems characterised 
so far our in Gram-negative bacteria that establish 
relationships, aither pathogenic or syntiotic. with plant or 
aninot hosts. 
Putative NIL production by severs c. jo/ut,i Iomega, 
including NC1'C 11168, was assessed through the ability of 
concentrated conditioned medium to induce P-galactoaidasa 
activity In Agmbacrediim fume(adens KYCSS 
(pJZ372pJZ384pJZ410), These resuts suggest that NIL 
mediated OS is present in the Epsilon ProreobacfgAa class, 
Initial HPLC separation of C. jo/ta,i NCTC 13255 crude 
extract has provided one nn active traction, however the 
structure and genes regulated by this putative signalling 
,1pcuIe have yet lobe elucidated. 
1. Introduction 	 . 
OS is a cell-to-cell aignelung n,echattism that regulates 
bacterial gene etçresslon in a density dependent manner -, 
via the production, secretion and binding of autcinducers 
stichasNILNIL'rrmediatedOSisknowntoplayekey ,1; 
role in aynchronising virulence gene expression in several 
pathogens. 
It has previously been shown that the genn of C. jo/un? 
NCTC 11168 contains a gene encoding an onhologue of 
LusS and that it is positive for autoinducer-2 production. In 
this study we tested several C. jo/tmmi isolates, including 
NCTC 11168, for putative NIL production using an A. 
fumefaolens reporter strain and a colortrratrlc bioassay. 
Two different variants of C. jejun? NCTC 11168 were 
screened: the original strain (NCTC 11168-0) and the 
genorne sequenced vaitant (NCTC 11168-OS) that have 
previously been show,, to express different virulence 
properties [t]. 
Sera of several rrurnnallan species. Including horse, have 
been shown to inactivate NIL This Is probably due to the 
lactonase activity of pareosonase(s) which hydrolyse the 
tactone ring, 121. 
2.Method 
Cultist Condff Ions 
C. jo/uni strains were grown In tOO nit Bolton Broth at 37'C 
j for 24. 480, 96 h, &jWrnatanM were extracted with equal 
F quantites of athtii acetate, concentrated under nitrogen at 
F, 
 40t and re-hydrated with 20 nit distilled water and fitter 
stetilised. 
SecumAssav 
The serum assay was adapted from (21 using horse serum, 
It 
Concentrated crude extract was applied onto a S50DS2 
• C18 reverse-phase senit-preparative cofuru, (Htchron, Lid,, 
• I Berkshire), Fractions were freeze dried oven,lght at -60t 
and re-hydrated With 0.7 iii sterile distilled water. F 
8-Galactotksase ActMtv 
Putative NIL production was deterryined by Induction of the 
I lea fusion in the reporter strain A. fume/scions strain 
KVCSS (pJZ372XpJZ384)(pJZ4l0) Is].  -galactosidase 
activity was determined as described In (4] and reported lii 
